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ABSTRACT - Little is known about the extent of the foraging habitat and characteristics of the 
threatened Ghost Bat (Macroderma gigas) in the arid regions of Western Australia. We used GPS 
satellite tracking technology to accurately measure the Pilbara Ghost Bat's foraging characteristics. 
We provide detailed foraging and commuting data for ten bats, eight males and two females 
tracked over multiple nights. From the time and location data collected, results for five foraging 
characteristics were calculated. These were the minimum time spent outside the diurnal roost, the 
time spent for short periods in a specific foraging area, the typical area used for during a foraging 
period, the maximum radial distance flown from the diurnal roost, and the minimum 'cave-to-cave' 
distance covered. [he time spent outside the roost varied widely with bouts lasting from under half 
the night to the full period of darkness. The average time spent at a particular foraging area was 116 
minutes during which the bats used multiple perches for typically 20 minutes each. Little pattern was 
evident in the areas used for foraging. The bats made use of the majority of an area available once 
they had begun to forage there. During foraging bouts, the average radial distance from the roost 
from all available data was 8.5 km and the maximum distances recorded was 177 km. The average 
return flight distance from all data was 19.4 km with a maximum length of 41 km. One bat totaled 
over 90 km in four nights. A one-way commute of 274 km was also recorded. The Pilbara Ghost Bat 
Is confirmed to be foraging across a varied habitat and over distances not previously recognised. 
Generally, thinly wooded areas of Mulga, other Acacia or Eucalypt spp. or linear woodland features 
are preferred in areas with a moderate percentage of open ground (typically 30-7096) to facilitate 
the perch and sally surface foraging strategy used for terrestrial prey. No pattern was evident in 
Substrate type. 
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INTRODUCTION 


The Ghost Bat (Macroderma gigas) 1s a large 
carnivorous bat that is extant across tropical northern 
Australia in a number of disconnected subpopulations. 
The population in the Pilbara region of north-western 
Australia 1s a remnant of an arid zone dispersal that 1n 
historical times has included the western deserts and the 
central ranges of Western Australia, South Australia and 


in the Pilbara (Bullen et al. 2016). It is an obligate cave 
roosting bat that preys upon small mammals, reptiles, 
frogs, birds, other bats and large insects (Richards 
et al. 2008; Claramunt et al. 2019: Start et al. 2019). 
Genetically, regional populations are highly structured 
(Worthington Wilmer et al. 1994; 1999) and the Pilbara 
population is geographically isolated and separated 
by the Great Sandy Desert. The genetic divergence 


the Northern Territory. Its arid zone range had extended 
eastwards to the Dulcie, MacDonnell, Musgrave and 
Mann Ranges of Central Australia 1n the early twentieth 
century but IS now severely restricted. Fossil evidence 
shows that it once extended south to the south-west of 
Western Australia and the Flinders Ranges of South 
Australia (Richards et al. 2008: Woinarski et al. 2014). 


It 1s the largest zoophagic bat 1n Australia weighting 
up to 175 g, larger in the north and east (J. Augusteyn 
pers comm) and slightly smaller between 125 and 150 g 


implies virtually no movement between the Pilbara and 
the Kimberley to the north-east (Worthington Wilmer 
et al. 1999). Detailed intra-regional genetic analysis 1s 
underway in several areas of the Pilbara (e.g. Ottewell 
et al. 2017; Ottewell et al. 2018; Ottewell et al. 2019; 
sun et al. 2021) that show high levels of relatedness 
over short distances, low levels of relatedness over 
longer distances up to 300 km and occasional long- 
distance dispersals (up to 268 km) have been reported 
(Ottewell et al. 2017). 


In the Pilbara the Ghost Bat is widespread (McKenzie 
and Bullen 2009) however, it 1s under pressure 
from loss of roosting habitat, 1.e. caves or man- 
made structures with suitable characteristics and 
microclimate (TSSC 2016). The Ghost Bat was relisted 
as vulnerable under federal and state legislation 
in 2016 (The federal Environment Protection and 
Biodiversity Conservation Act 1999 and Western 
Australian Biodiversity Conservation Act 2016). It has 
been the subject of detailed observations for many 
years and, more recently, to several mid and long-term 
monitoring programs at roost caves. These have shown 
that Ghost Bats are constantly moving between available 
caves. The evidence from this work shows that the usage 
of caves falls into four broad categories. Firstly, there are 
caves and historical underground mines (usually with 
adits or stopes as entrances but occasionally with broad 
shafts as entrances) that are used continuously as diurnal 
roosts by large numbers of Ghost Bats for long periods 
of time. Secondly there are caves and adits that are used 
regularly as diurnal roosts by small numbers of Ghost 
Bats but not continuously. Thirdly there are caves that are 
used as diurnal roosts only occasionally and as nocturnal 
roosts more frequently. And finally, survey work in 
recent years has shown that virtually any deep overhang, 
shelter or cave is subject to a nocturnal visit and/or an 
opportunistic roosting visit (Bat Call WA 2021). 


The Ghost Bat has two different foraging strategies. 
It perches In vegetation or on rock walls to ambush 
passing prey both on the ground and in the air and it 
also gleans surfaces including the ground while in flight 
(Churchill 2008; Richards et al. 2008). This includes 
foraging on bats exiting caves entrances. It is known 
to move regularly between suitable points within and 
between foraging areas (Churchill 2008). Early work by 
Tidemann et al. (1985) suggested a short-range forager 
with distances from roosts to preferred foraging areas 
being limited to under 2 km. More recently, limited 
work has shown that foraging distances out to 12 km are 
flown by males (Augusteyn et al. 2017). Given that the 
species 1s under pressure from loss of habitat by mining 
and development in the Pilbara and elsewhere, detailed 
knowledge of the foraging habitats of the species away 
from cave entrances is required to be known. Tracking 
using Very high frequency (VHF) has provided some 
limited insight to Ghost Bat foraging including data 
collection over extended periods (Augusteyn et al. 2017; 
Biologic 2019; Biologic 2020) and confirming longer 
range flights and larger foraging areas but has limitations 
in not providing pinpoint foraging site data. Satellite 
tracking using GPS technology was selected to provide 
foraging site data at a finer scale to complement the VHF 
tracking studies underway. 


METHODS 


GPS TRACKING 
During 2020 and 2021, GPS data loggers and radio 
transmitters were attached to ten Ghost Bats. LOTEK 


Pinpoint system transducers (tags) (model ARGOS 
100 weighing 6.2 g or ARGOS 120 weighing 5.3 g, 
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Lotek, Canada) that collected positional data that was 
subsequently transmitted via ARGOS system satellites 
to a ground station (Collecte Localisation Satellites SA, 
France) for analysis were used. A pattern of fix times 
was programmed into each tag to ensure the best data 
collection was achieved during the expected foraging 
times of the night. This pattern began at 18:00 Australian 
Western Standard time (UTC+8 hr) and programmed a fix 
every 25 minutes until 22:00, then two-hour breaks gave 
fixes at midnight and 02:00 followed by fixes every 25 
minutes until 06:00. 


The Ghost Bats were netted at widely separated 
roost entrances spanning the length of the Hamersley 
Ranges and the Marble Bar area of the eastern Pilbara 
(Table 1). Murdoch University Animal Ethics approval 
R3220/20 and the Western Australian Department of 
Biodiversity Conservation and Attractions Reg. 17 
license BA27000278 and Section 40 authorisation TFA 
2020-0082 were applicable. At the site of capture, each 
bat’s mass was measured (AVINET spring balance 
Model SIKg) and checked for condition and for age by 
reviewing the state of ossification of the wing bone joints. 
No heavily pregnant female or adolescent bats were used 
in the study. The GPS tags were glued to the upper back 
of eight bats using Ostobond skin bonding latex adhesive 
(Montreal Ostomy, Canada) and the bats released back 
into the caves unharmed. The remaining two tags on bats 
LR-2 and LR-3 were bonded with Torbot latex adhesive 
(Torbot Group, USA). In all cases the adhesive was 
applied to the Ghost Bat's back and to the tag underside 
and sides and allowed to airdry for 4 minutes. After 
placing the tag 1n position, the tag was held 1n place for 
a further 1.5 minutes by very light finger pressure before 
the bat's release. 


The published accuracy of the fix types for the ARGOS 
locations are given in Table 2. Prior to field work these 
were checked 1n controlled conditions by placing a tag of 
each type at a control location and allowing it to provide 
fixes over several days, The achieved accuracies were 
found to conform to the published data (Table 2). 


FORAGING AREA ASSESSMENTS. 


All location fixes nominated by ARGOS as OK or 
OK (corrected) including those with poor accuracy 
(over 1 km) were recorded with their date and time 
in a spreadsheet and plotted using Google Earth for 
subsequent analysis. Locations recorded with high 
(under 100 m) or acceptable accuracy (under 1 km) were 
nominated as single point locations when only one record 
was received. Areas with multiple records at consecutive 
times within a relatively small perimeter were nominated 
as foraging areas. The sizes of these foraging areas were 
assessed by placing a circular polygon over the group of 
perches that had high accuracy of under 100 m if they 
were on a plain or hilltop area or by placing a suitable 
polygon over the area 1f they were along a linear feature 
such as a breakaway, drainage or riparian zone. Areas 
with times intermingled with those of high accuracy 
but with poor accuracy fixes nearby were assessed as 
belonging to the foraging area. The time spent 1n each 
area was estimated by the elapsed time 1n minutes 
between the first and last fixes 1n that area. 
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FIGURE 1 


FLIGHT DISTANCE ASSESSMENTS 


For each night that fixes were received, a flight path 
was estimated using satellite imagery by connecting the 
departure roost with each subsequent fix. The first fixes 
after departure were often close to the roost. However, 
being obligate cave roosting bats, no fixes were obtained 
after the bat had returned to the roost. On nights where 
the bat exhibited a circular or retraced route, 1.e. when 
the last fix was approaching the originating roost, it 
was assumed that it returned to that roost. On nights 
where the bat exhibited a more linear route and showed 
no evidence of returning to the originating roost, a 
location with a known cave or known cave forming 
strata in a rugged area much closer to the final fix 
than the originating roost was assumed. In all cases, 
these assumptions were supported by the first fix of 
the following night being made nearby the assumed 
location. Flight distances were then calculated by the 
resulting track. 


RESULTS 


A total of 170 fixes were recorded of which 151 were 
of high or acceptable accuracy (Table 2) from ten bats, 
eight males and two females. High accuracy fixes (1.6. 
> 20 m) totaled 120 and these were used to characterise 


General Arrangement showing the locations of tagging sites. 


the tree perch or the foraging area. The bats generally 
exhibited similar behaviours however they differed 
widely in their night-to-night foraging bouts. Often on 
the first night after tagging the bats stayed relatively 
close to the roost (average maximum distance was 
5.4 km but see RV-1 below for an example of a bat 
that commuted greater than 10 km on the night it was 
tagged). On subsequent nights all bats were recorded 
foraging more widely. During the study, six of ten, 
departed and returned to the same roost each night. 
Three bats were recorded using at least two roost caves 
within 10 km on alternative nights. One bat was detected 
on a long-range commute to a distant cave at least 27 km 
from the site of tagging. Vegetation at all foraging areas 
had similarities with open woodland or drainage line 
banks having low and scattered Mulga (Acacia spp.) or 
Eucalypt, mostly over shrubs and patchy grasses with 
typically 30—70% ground cover. The substrate of the 
foraging areas differed widely though from flat sand 
and clay plains and ephemeral drainage lines of all sizes 
to low relief hills of all geologies and the tops of major 
ridge lines In ironstone and other mafic rocks. The bats 
did not exhibit a consistent pattern of foraging times 
with some longer bouts from dusk to dawn (up to ten 
hours) while other bouts were shorter between dusk and 
midnight or midnight to dawn (up to six hours). 
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TRACKED INDIVIDUALS 
Bat HD-1 


This male was netted at a cave 1n the eastern 
Hamersley Ranges during a cool late dry season period. 
A total of 43 fixes were recorded over seven nights. On 
each night, this bat foraged within a north-south corridor 
approximately 15 km long and 5 km wide. He was 
recorded using seven separate foraging areas (Table 1), 
two of which he returned to on a subsequent night 
(HD-1-1 on nights two and four and HD-1-4 on nights 
three and four) The earliest fixes on all seven nights 
indicate that he left the roost soon after dusk and the 
latest recorded fixes indicate that he returned to the roost 
at various times with the latest being before dawn on 
nights two and three. Five of the seven foraging areas 
were in low open Mulga woodland with between 20 and 
70% vegetation cover of Acacia shrubs and tussock and 
hummock grasses (Table 2 and 3). The substrates varied 
between loam, clay and pebbles. 


Bat hV-1 


This male was netted at a cave (MidR-B) on an 
unnamed mesa overlooking the Robe River riparian in 
the Middle Robe Valley during a cool, late dry season 
period. Only five fixes were recorded before he either 
scratched the tag off while 1n the roost or its battery 
failed prematurely before night three. No fixes were 
recorded the first night however a single Ghost Bat 
was detected by an echolocation recorder leaving the 
cave at 19:12 and was not detected again that night. On 
the following night, his initial fix was 10 km south- 
west of the original roost cave (MidR-B). After that 
he foraged along the Robe River riparian zone nearby 
the tagging site until 23:00, area RV-1-1, dominated by 
open Eucalyptus camaldulensis woodland over sand 
and gravel until midnight. No further GPS fixes were 
recorded; however, a single echolocation call sequence at 
03:08 (a diagnostic series of pulses able to be identified 
by an experienced bat call researcher. See also Hanrahan 
et al. 2021) inferred that he had returned to cave MidR-B. 


Bat hV-2 


This male was netted at a cave (LwR-A) In the lower 
Robe River valley during a warm late dry season period 
with increased humidity. Eleven fixes, eight accurate, 
were recorded over three nights. On the first two nights 
he foraged in two areas to the west and south-west of 
LwR-A, areas RV-2-1 (both nights) and RV-2-2 on night 
two. The former was an Acacia xiphophylla tall open 
shrubland over Triodia epactia open hummock grassland 
on loamy plain, over 300 ha, that had adjacent recent 
clearing disturbance in preparation for development 
activities. The latter was an undisturbed hilly area 
approximately 7.5 km south-west with extensive thinly 
wooded ephemeral drainage lines. On the third night 
the bat was accurately detected foraging 1n moderately 
wooded dry drainage lines (area RV-2-3 of approximately 
20 ha) 2.5 km north-east of the cave and on the opposite 
side of the main Robe River riparian zone. 


Bat GB-1 


This male was netted at a cave (CentH-A) 1n the central 
Hamersley Ranges during a hot and stormy wet season 
period. A total of twelve fixes were recorded over four 
nights with none being recorded on the third due to the 
passing of a tropical storm that delivered over 200 mm of 
rainfall. Bats including Ghost Bats are unlikely to leave 
their roost caves during rain events as the falling rain 
interferes with their echolocation ability. On the first night 
the bat stayed within 2.5 km of cave CentH-A however he 
was recorded at a range of perches with widely varying 
elevations. After departing from its cave that has an 
altitude of 650 m ASL, he was detected initially at 1070 m 
ASL (accurate fix) at a lightly wooded ridge top foraging 
area (GB-1-1), then at six perches at elevations between 
650 and 750 m, all accurate fixes (GB-1-2), comprised 
of Corymbia deserticola scattered low trees over Acacia 
spp. open shrubland over 7riodia wiseana open hummock 
erassland onlower slopes of a major ridge line within 
a 115 ha area. After this he was detected (accurate fix 
at 02:00) high on the ridgeline nearby GB-1-1, before 
returning to his diurnal roost cave. Its flight that night 
covered at least 17 km and twice included climb and 
descent pairs of over 400 m of elevation. On the second 
night he was detected 11 km north of CentH-A in thin 
woodland adjacent to the Nammuldi agricultural pivots 
(area GB-1-3) on the clay/loam plain before roosting 1n a 
different cave In the low relief ironstone hills nearby. On 
the fourth night, before the tag's battery failed, there were 
three detections at the ironstone hills approximately 7 km 
north of the original roost cave and nearby the operating 
Brockman 2 mine (area GB-1-4). However, only one of 
these was with acceptable accuracy (A2). 


Bat GB-2 


This male was netted at a cave (CentH-B) in the central 
Hamersley Ranges during a hot and humid late wet 
season period. Over 50 fixes were recorded over four 
nights. On the first and second nights the bat flew 10 km 
south where he was recorded foraging close to and within 
the Nammuldi agricultural pivots (GB-2-1). On the first 
night he was detected (accurate 3D fixes at 19:39 and 
20:05) at two perches 9.15 km apart which corresponds 
to a flight speed of 22 kph. Later he flew 4 km north 
where he foraged In a wooded plain (area GB-2-2) before 
returning to CentH-B to roost. On the second night 14 
fixes were recorded between 19:55 and 02:55 on and 
immediately north of the Nammuldi agricultural pivots 
as he foraged within an expanded and elongated area GB- 
2-1, ~3 km long by 500 m across (~450 ha). All but three 
fixes were accurate locations. Together with the return 
trip from the roost cave he had flown at least 36 km that 
night. On nights three and four he flew 5 km north of 
cave CentH-B to a series of perches between 200 and 300 
m higher elevation that the roost. On these nights he was 
detected foraging at a series of rugged upland perches 
above the rim of a long cliff line (area GB-2-3). Each of 
the accurate fixes were on sparsely wooded ground. On 
the fourth night he returned to the same northern area 
as the previous night where he foraged in two lightly 
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FIGURE? Nightly foraging patterns of Ghost bat GB-1. The bat was tagged and roosted on subsequent days at 
location CentH-A 
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wooded drainage areas (GB-2-4 and GB-2-5) at 750 m 
altitude separated by the higher cliff/ridge line at 900 m. 
Both areas were approximately 125 ha. Over the four 
nights this bat had flown at least 90 km. 


Bat COM-1 


This female was netted at the Comet mine near Marble 
Bar on a hot wet-season night. Only three fixes, all 
accurate, were recorded over two nights. On the first 
night, she was recorded in the sparsely wooded low 
relief hills 2 km west and then on the Coongan River 
riparian zone, 8.5 km to the south. On the second night 
her first detection was in the early morning hours 27 km 
north-east of the roost on an ephemeral tributary of the 
Talga River in an extensive area of low granite outcrops. 
Rather than returning to the Comet, she is assumed 
she either roosted amongst the granite outcrops nearby 
or more likely, as the granite offers limited roosting 
opportunities, continued on north or west another 15 km 
to a range of hills known to have extensive cave forming 
strata, potentially completing a one-way trip of between 
30 and 40 km. 


Bat LH-1 


This female was netted at the Lalla Rookh adit in 
the warm to hot, late dry season. A total of 31 fixes 
(28 accurate) were recorded over five nights. On each 
night she foraged along the wooded banks of the Shaw 
River or the adjacent mafic uplands up to 11 km west or 
south-west of the original roost. The pattern of fixes on 
nights two to four also indicated that she roosted at an 
unknown location in the lightly wooded upland before 
returning to Lalla Rookh after midnight on night four. 
Her foraging times also varied. On night one she foraged 
between dusk and dawn, on nights two and four between 
dusk and midnight and on night three between midnight 
and dawn. 


Bat LR-2 


This male was netted at the Lalla Rookh adit 1n the 
warm to hot, late dry season and his tag affixed with 
Torbot adhesive. A total of four accurate fixes were 
recorded before he scratched the tag off early on night 
two. On the first night he stayed very close to the roost 
and returned within approximately one hour. On night 
two he flew 7.5 km north-west to the woodland along the 
bank of the Shaw River where a series of identical fixes 
over subsequent nights indicated that he had removed 
his tag. 


Bat LR-3 


This male was netted at the Lalla Rookh adit in the 
warm to hot, late dry season and his tag was affixed 
with Torbot adhesive. A total of twelve accurate fixes 
were recorded before he also scratched his tag off on 
night three. On night one he stayed close to the roost all 
night only flying approximately 7 km with a maximum 
radial distance of 2.8 km. On night two he flew 6 km 
north-east to the bank of the Shaw River after dusk 
before returning before dawn. On night three he flew to 


a similar Shaw River area as the previous night via two 
upland locations before removing his tag while within 
the river's riparian zone indicated by a series of identical 
fixes over many hours. 


Bat LR-4 


This male was netted at the Lalla Rookh adit 1n the 
warm to hot, late dry season. A total of ten accurate 
fixes were recorded over two nights followed by 
inaccurate fixes on each of the following two nights. On 
night one he likely returned inside the roost following 
tagging. On the second night, after dusk he flew north 
across the sand plain, foraging for 75 minutes along an 
ephemeral minor drainage line before he moved further 
north to the wooded banks of the East Strelley River 
over 18 km north of Lalla Rookh where he Is assumed he 
roosted in a tree. Alternatively, he may have flown 6 km 
further north and roosted In a station structure. These 
two alternatives are suggested by an absence of rocky 
areas with cave forming strata any closer than Lalla 
Rookh and the timing of the last GPS fixes. 


CHARACTERISTIC FORAGING TIMES 
AND DISTANCES 


From the time and location data collected, results 
showing five particular foraging characteristics were 
able to be calculated. These were the minimum time 
spent outside the diurnal roost, the time spent for short 
periods In a specific foraging area, the typical area used 
for these foraging periods, the maximum radial distance 
flown from the diurnal roost, and the minimum ‘cave- 
to-cave’ distance covered. Summary data from males, 
females and all bats combined are presented in Table 3. 


The nightly time spent outside the roost varied widely 
with bouts lasting from under half the night (up to 6 hr), 
beginning or ending close to midnight, to the full period 
of darkness (up to 10 hr), beginning In the three hours 
after dusk and finishing 1n the three hours before dawn. 
Overall average time outside the roost was estimated 
as 348 minutes (Sd 142, n 20). There was no significant 
difference between the males and females (362 and 311 
minutes respectively, t = 0.17, N=20 p=0.36). There was 
also no apparent difference between the sexes regarding 
half versus full night foraging bouts (males, 7 half and 
10 full: females 2 half and 3 full). The maximum time 
recorded foraging outside the diurnal roost was over 10 
hours for a male and 7 hours for a female. 


The time spent in a particular foraging area showed 
variation overall and no apparent difference between 
males and females (Table 3). The average time spent at 
a particular foraging area was 116 minutes during which 
the bats used multiple perches for between 20 and 30 
minutes each. There was insufficient female data to test 
for significance. Maximum values were 420 and 175 
minutes for males and females respectively. 


The areas of the sites used for foraging that had 
multiple fixes varied widely ranging from a minimum of 
0.1 ha to a maximum of at least 450 ha at the Nammuldi 
agricultural pivots (Table 3). Little pattern was evident 
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TABLE 3 Time and Distance summary statistics. 
' Unreliable first or last times, or times on nights with single fixes or when the battery failed are excluded. 
? Sites with single point fixes or sites with times that began or ended between 22:00 and 02:00 were excluded. 
3 First nights, failed battery nights and long distance one-way-commute nights excluded. 
* First nights and failed battery nights excluded. 
Parameter Average sd N Maximum Minimum 
Minimum nightly time spent All data 348 142 20 606 99 
outside the roost 
Males 362 159 15 606 99 
(minutes) 
Females 311 07 5 427 263 
Time spent in a foraging area All data 116 99 22 420 20 
i 2 
Eten Males 114 101 2] 420 20 
Females 175 N/A l 175 N/A 
Size of typical foraging areas (ha) All data 105 133 19 450 1.0 
Males 12] 139 16 450 1.0 
Females 18 28 3 50 1.0 
Maximum distance from roost All data 8.5 3.8 14 17.7 4.5 
3 
(km) Males 8.7 4.1 11 17.7 4.5 
Females 7.9 £g 3 11.0 6.4 
Minimum cave-to-cave All data 19.4 9.] 15 41.0 11.6 
distance covered 
, Males 18.3 8.0 11 36 11.6 
(km) 
Females 22.3 12.8 4 41.0 zz 


in the data other than the observation that the bats made 
use of the majority of an area available by regularly 
moving between perches once they had begun to forage 
there. There was no significant difference between the 
areas that males and females used (t = 0.015 on a two 
tailed comparison of means, N=19, p=0.31). 


The maximum radial distance flown, excluding all first 
nights, failed battery nights and long-distance one-way 
commutes of over 25 km, and the minimum cave-to- 
cave distance covered showed some variation (Table 3). 
However, neither showed a significant difference between 
the sexes (max radial distance t = 0.73, N=14, p=0.45; 
minimum cave to cave distance t = 0.59, N=15, p=0.25). 
The average radial distance from all available data was 
over 8 km and the maximum and minimum distances 
recorded were 17.7 and 4.5 km for males and 11.0 and 
6.4 km for females. The return flight distance average 
from all data was 19.4 km with maximum and minimum 
lengths of 36 and 11.6 km for males and 41 and 12.2 km 
for females. 


COMMUTE AND OTHER DATA 


On two occasions, bats were assessed as completing 
long distance (> 15 km) one way foraging or commuting 
bouts in a basically linear direction without any 
evidence of a return flight that night. The male LR-1 on 
his second night flew north-west stopping at a series of 
points that included area LR-4-1 on a minor ephemeral 
drainage. His last fix was at midnight on the East 
Strelley River, 17.7 km north of his departure point. The 
pattern of fixes on subsequent nights were of insufficient 
detail to confirm if he had remained in that northerly 
location or had returned to the original roost. Separately, 
after foraging to the south on the first night, the female 
COM-1 departed the Comet mine and was detected at a 
tributary of the Talga River 27.4 km north-east at 02:30. 
It is likely that she then continued on to a diurnal roost 
nearby in the granite outcrops or a further 15 km to the 
north or west In the uplands of mafic geology. This bat 
has therefore covered at least 30 and possibly over 40 
km in that night. A similar distance of 36 km was flown 
by the male GB-2. On his second night he departed 
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from and returned to cave CentH-B after foraging at a 
number of points and areas at and around the Nammuldi 
agricultural pivots. Four trips of shorter distances under 
10 km were also recorded. The male HD-1 moved 
repeatedly between its original roost and the northern 
cave for diurnal roosting completing three measured 
one-way trips. Also, the male GB-1 was interpreted as 
moving from its original cave to an alternate cave for 
diurnal roosting approximately 8 km north. 


One pair of fixes gave an accurate minimum 
commuting flight speed estimate. The male GB-2 on 
his first night was detected at two accurate locations 
(both type 3D, Table 2) 9.15 km apart, the first at 19:14 
and the second 25 minutes later. This corresponds to a 
flight speed of at least 22.0 kph (6.1 msec"). A similar 
commute speed was suggested by data from RV-1. He 
was recorded departing the cave at 19:12 on the first 
night after tagging. No further GPS or echolocation fixes 
were detected that night indicating that he commuted 
away to a second roost cave within the 25-minute fix 
window The first GPS fix was at 20:15 on night two 
approximately 10 km to the southwest suggesting that 
this time was just after he emerged. Taking these data 
points together indicates that he had flown over 10 km 
in under 25 minutes on the first night also providing a 
commuting speed of over 22 kph. 


DISCUSSION 


The data presented from this study provide an 
impressive summary of the foraging characteristics 
of the Ghost Bat away from their diurnal roosts. The 
existing literature provides some similar details but 
there are no comparative publications with nightly 
statistical data for this species. Early data from 
Queensland that has often been cited suggested that 
nightly foraging areas were of moderate size averaging 
61 ha and were close to the roost, averaging 1.9 km, in 
Tidemann et al. (1985). Toop (1985) reported winter 
dispersals of up to 50 km, and possibly as much as 300 
km, in central Queensland but no indication of colony 
mixing at distances over 300 km. He did not address 
nightly foraging ranges. More recent VHF and GPS data 
from the Mt. Etna colony in Queensland expanded the 
foraging range out to a maximum of 11.8 km (Augusteyn 
et al. 2017) but gave no further detail on areas used for 
foraging. The averages of our new data are similar to 
these maxima at 105 ha and over 8 km but then expands 
the maximum values of both parameters out to 450 ha 
and nearly 18 km. 


Regarding descriptions of foraging areas, our data 
is similar to and expands upon descriptions from 
Churchill (2008) and Augusteyn et al. (2017). Churchill 
summarised habitat as ‘a broad range including arid 
spinifex hillsides, black soil grasslands, monsoon forest, 
open savannah woodland, tall open forest, deciduous 
vine forest and tropical rainforest’. Augusteyn et al. 
(2017) reported foraging above cleared agricultural 


land at a few sites on the edges of remaining woodland 
remnants and others on the edges of ephemeral water 
courses. That study also reported that bats appeared to 
transit quite rapidly to the edges of the preferred remnant 
woodlands without going into that thicker vegetation. 
Our study confirms both reports while adding detail of 
the types of foraging areas utilised In the arid areas of the 
Pilbara region. The overriding pattern of our perches are 
an upper storey of open woodland to scattered trees over 
productive shrub and grasslands and all having areas 
of clear ground (typically 30-70%). This likely allows 
the perched bat to see and then drop onto its prey as the 
target moves from covered point to the next covered 
point. The attraction of the Nammuldi agricultural pivots 
was apparently associated with the local abundance of 
mice (Mus sp.) which likely coincided with flowering 
grasses at the pivots. Significantly, none of our bats were 
detected foraging within deep wood gullies or gorges 
and the bats apparently preferred to be on or nearby the 
rims of such deeply incised areas. We note that gorge 
and/or gully habitats were present In close proximity to 
the majority of the recorded foraging areas suggesting 
that these habitats were not preferred rather than the 
observation being due to lack of opportunity. Again, this 
is probably associated with the need to see and attack 
prey without encountering wing membrane damage in 
heavily cluttered environments. However, it is possible 
that the tags failed to either receive or transmit 1n these 
deeper features. 


The limited accurate data we collected on nightly 
commuting distances and flight speed agrees well 
with previously published data. Ghost Bats are known 
(Toop (1985 and other publications) to move long 
distances seasonally following productive foraging 
opportunities and to move between cave 6 to 8 km apart 
and occasionally over 30 km apart (e.g. late dry season 
movements reported in Sun (2021). One-way commutes 
and the longest measured nightly round trips of 
30—40 km or more from the current study are consistent 
with the previous data and confirm that long distances 
are regularly covered by the Ghost Bat and not limited to 
dry season conditions. Notably the long distance covered 
by COM-I was in late wet season and LR-4 in late dry 
season. Similarly, our single minimum commuting 
speed data point of at least 22 kph (6.1 msec’) agrees 
well with the published speed limit of 7.2 msec for 
aerobic flight (Bullen et al. 2016). 
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ABSTRACT - A new species of spiny-tailed gecko, Strophurus spinula sp. nov., is described from 
inland areas of southern Western Australia. Among its diagnostic features are a discontinuous mostly 
straight row of enlarged tubercles down either side of the body, and the caudal spines of the tail are 
uniformly coloured with the largest lateral spines aligned to form a laterodorsal row on either side of 
the tail. İn these characteristics it is most similar in morphology to Strophurus assimilis, and to a lesser 
extent S. intermedius. Genetic information shows it is most closely related to a group of species that 
includes S. intermedius, S. spinigerus and S. rankini. Strophurus spinula sp. nov. Is found largely within 
the southern mulga woodlands region of Western Australia, and at the southern margins of its range Is 


parapatric with respect to 5. assimilis. 


KEYWORDS: Western Australia, spiny-tail, gecko 


urn:Isid:zoobank.org:pub:AC759216-08B /-485B-A41B-25CEC9F58AE7 


INTRODUCTION 


The last comprehensive review of variation in the 
spiny-tailed diplodactylid geckos now assigned to the 
genus Strophurus Fitzinger, 1843 was by Kluge (1967) 
over half a century ago. In that review Kluge identified 
eight discrete and largely allopatric forms of Strophurus 
ciliaris (as Diplodactylus ciliaris) throughout much 
of inland and northern Australia, and what he then 
considered a hybrid zone between his ‘population 5’ 
(now = S. ciliaris aberrans) and Strophurus intermedius 
(then as Diplodactylus intermedius). Storr (1988) later 
reviewed the status of the ciliaris populations In Western 
Australia and formally recognised Kluge’s ‘population 
8’ as Diplodactylus wellingtonae, ‘population 
İ” and ‘population 5” as D. ciliaris ciliaris and 
D. ciliaris aberrans, respectively, and the geckos from 
the ‘hybrid zone’ as a distinct species, D. assimilis. 
Sadlier et al. (2005) later investigated the status of 
Kluge’s D. ciliaris ‘population 6’ from Queensland 
using both morphological and genetic data and 
described it as Strophurus krisalys. These taxa have 
been widely accepted and have appeared in the 
herpetological literature since. However, the complexity 
of morphological variation 1n this group of geckos has 


not been dealt with further, and the status of various 
populations of Strophurus ciliaris remain unresolved 
after Kluge highlighted their existence. 


Our study presents an unexpected discovery of a 
cryptic species previously assigned to Strophurus 
assimilis 1n the course of a broadscale survey of 
genetic variation in the genus. The molecular evidence 
clearly identifies S. assimilis as currently recognised 
as comprising two distantly related lineages with 
broadly abutting parapatric distributions, a factor 
that accounts to some extent for some of the variation 
documented in the original description by Storr (1988). 
Here we describe the new species and provide a revised 
description for Strophurus assimilis. 


MATERIALS AND METHODS 


We have used an integrative taxonomic approach 
(sensu Padial et al. 2010) 1n which the species recognised 
herein are supported by a combination of molecular 
data and morphology, as these two sources of data 
represent different lines of evidence supporting lineage 
independence under a general lineage species concept 
(de Queiroz 1999). 
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Acronyms: abbreviations for specimens used in the 
morphological and genetic studies (below) are prefixed 
as follows: Australian Museum, Sydney (AMS); 
Western Australian Museum, Perth (WAM); South 
Australian Museum, Adelaide (SAMA); California 
Academy of Sciences, San Francisco (CAS). 


MORPHOLOGICAL COMPARISONS 


Our sampling for the morphological study includes 
22 specimens of Strophurus assimilis, 10 specimens 
of Strophurus spinula sp. nov., and 23 specimens 
of Strophurus intermedius. The specimens of 
S. intermedius selected were from Western Australia 
and South Australia, as these were considered the 
populations most relevant for comparisons with both 
S. assimilis and S. spinula sp. nov. A further 45 
specimens of S. assimilis and 27 specimens of S. spinula 
sp. nov. from the WAM collection were examined to 
further assist in determining the distribution of both 
species (Appendix 1). The full suite of morphological 
characters listed below were scored where possible 
(bilateral scalation characters were scored on both sides 
and the mean value used). 


Measurements: snout to vent length (SVL) — tip of 
snout to anterior margin of vent; axilla to groin length 
— measured from apex of intersection of forelimb with 
the body to the apex of crease of hindlimb at body and 
expressed as a percentage of SVL; head length — tip 
of snout to posterior extreme of lower jaw, expressed 
as a percentage of SVL; head width — width of jaw 
measured at labials below mid-orbit, expressed as a 
percentage of head length; hindlimb length — groin 
from apex of crease to tip of fourth toe, excluding 
claw, expressed as a percentage of SVL; tail length — 
measured from posterior margin of vent to tip of tail, on 
complete original tails only, expressed as a percentage 
of SVL. 


Scalation: rostral crease — mid-dorsal groove either 
partially or completely dividing rostral scale (enlarged 
scale covering tip of snout), length of groove relative to 
total height of rostral scale; nasal — number of enlarged 
scales separating rostral from anterior margin of nostril; 
supranasal — number of enlarged scales bordering 
superior margin of nostril; postnasal — number of 
scales bordering posterior margin of nostril; internasal 
— number of scales between right and left anterior 
nasals, immediately posterior to rostral; supraciliary 
spines — number of enlarged spinose scales projecting 
beyond margin of dorsal eyelid; apical plates — the 
enlarged scales covering terminal underside of digit; 
fourth finger and toe lamellae — number of scales 
comprising much enlarged transverse scales on 
underside of digits (Kluge’s secondaries) proximal to 
apical plates, and number of elliptical or round scales 
(in pairs) proximal to enlarged transverse scales to 
emergence of digit (Kluge’s tertiaries); tail spines — 


number of enlarged scales (i.e. those modified into a 
spiked structure) on dorsal surface of tail in regular 
longitudinal rows, counted from posterior extreme of 
cloacal swelling to tip of tail; number of scales in a 
transverse line across tail between longitudinal rows 
of caudal spines, count taken at mid-tail length at row 
posterior to that bordering anterior edge of caudal 
spine (= intercaudals of Kluge 1967 and Sadlier et al. 
2005); number of scales between (but not including 
the caudal spines of same longitudinal row, counts 
taken from caudal spine at mid-tail length to next spine 
immediately posterior (= intracaudals of Kluge 1967 
and Sadlier et al. 2005); precloacal pores — external 
openings of precloacal glands In scales anterior to the 
vent, and are given as separate values for the left and 
right sides, counts are for males only; interpore scale — 
number of scales interrupting the precloacal pore series 
on midline. 


GENETIC STUDY 


Our genetic sampling includes 19 specimens of 
Strophurus assimilis and 9 specimens of Strophurus 
spinula sp. nov. for which we generated new 
mitochondrial (ND2) and nuclear (RAGI) molecular 
data. Genomic DNA was isolated from liver tissues 
subsampled from the collections of WAM, Evolutionary 
Biology Unit (EBU) at SAMA, and from AMS. We 
used a standard salt and ethanol extraction protocol, 
amplified following the methods of Nielsen et al. 
(2016) and sequenced on an ABI 3730. These samples 
were analysed in the context of 45 Strophurus samples 
representing 19 species within the genus, including 
all the relevant related ‘spiny-tailed’ species, and 
accompanied by 8 outgroup diplodactylid geckos. 
New sequences were added to existing mtDNA (ND2: 
1497bp) and nDNA (RAGI, CMOS, PDC, PRLR: 
2195bp) alignments generated by Nielsen et al. (2016) 
and trimmed down so that additional Strophurus and 
outgroup species were represented by a single sample. 
To estimate the phylogenetic relationships among 
Strophurus we used IQTREE (Nguyen et al. 2015), 
with separate mtDNA and nDNA alignments. The 
nuclear alignment was partitioned by locus. We then 
allowed the program to automatically pick the best 
fitting model of molecular evolution using Model Finder 
(Kalyaanamoorthy et al. 2017), then perform 1,000 
ultrafast bootstraps (Minh et al. 2013). Mitochondrial 
and nuclear datasets were not used to jointly estimate a 
phylogeny due to the strongly conflicting placement of 
S. assimilis. 


The sequences for Strophurus assimilis and 
Strophurus spinula sp. nov. generated during this 
study are available on GenBank under accession 
numbers OQ873519-0Q873542 for ND2, and 00867145- 
OQ867167 for RAGI. 
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94 Strophurus spinula sp. nov. CAS 261068 Leonora, WA 
Öz 4 Sirophurus spinula sp. nov. WAM R140417 Leinster Downs, WA 
95 Strophurus spinula sp. nov. AMS R150638 Menzies, WA 
0.008 541167 Strophurus spinula sp. nov. CAS 261055 Menzies, WA 
asılı Strophurus spinula sp. nov. WAM R144779 Bungalbin Hill, WA 
72 5 Stroohurus spınula sp. nov. WAM R112107 Paynes Find, WA 
72 Sirophurus spinula sp. nov. WAM R135136 Rosemont, WA 

AL _ Strophurus spinula sp. nov. WAM H136609 Lake Mason, WA 
78! Stroohurus spinula sp. nov. WAM R136610 Lake Mason, WA 


100 


Stroohurus assimilis AMS R168536 Norseman, WA 
90 68 Strophurus assimilis WAM R145897 Goongarrie, WA 
98 otrophurus assimilis AMS R149832 Bonnie Vale, WA 
40- Sirophurus assimilis WAM R126398 Bungalbin Sandplain, WA 
69 Strophurus assimilis WAM R127565 Goongarrie, WA 
Strophurus assimilis AMS R150639 Menzies, WA 
Strophurus assimilis SAMA R45562 Inila Rockwater, SA 
68] | otrophurus assimilis CAS 261075 Coolgardie, WA 
84| Stroohurus assimilis CAS 261076 Coolgardie, WA 
ra ANN 51 E: otrophurus assimilis SAMA R61316 Oak Hill, SA 
a nem B A A Strophurus assimilis SAMA R20749 Port Kenney, SA 
— Strophurus jeanae Strophurus assimilis SAMA R40979 Port Kenney, SA 
|o Strophurus taeniatus 48| 82, Strophurus assimilis SAMA R40834 Port Kenney, SA 
= me care CT 39 | Strophurus assimilis SAMA R20750 Port Kenney, SA 
—[ Strophurus elderi — 73| Strophurus assimilis SAMA R45561 Inila Rockwater, SA 
7 - Strophurus strophurus sol 9trophurus assimilis SAMA R45555 Inila Rockwater, SA 
~ da ın. SES " Strophurus assimilis SAMA R56630 Corrobinnie Hill, SA 


FIGURE 1 Concatenated and partitioned nuclear phylogeny with Maximum Likelihood estimates of Strophurus and 
selected outgroup taxa inferred from RAG1, CMOS, PDC and PRLR nuclear sequence data — the inset 
phylogram represents the relationships between the species of Strophurus found by Skipwith et al. (2019), 
but modified such that the branch represented by WAM R154745 (their S. assimilis) is here labelled as 
Strophurus spinula sp. nov. 
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RESULTS 


MORPHOLOGY 


Both Strophurus spinula sp. nov. and Strophurus 
assimilis have uniformly coloured enlarged caudal 
spines on the tail aligned as a dorsolateral row down 
either side of the tail. The spines are separated across the 
dorsal surface of the tail by only a few intercaudal scales 
(Figure 2). In S. spinula sp. nov. the enlarged caudal 
spines on the tail are typically arranged with the largest 
outermost and separated from each other across the 
dorsal surface (at midlength) by two intervening scales 
only slightly larger than the surrounding tail scales. 
In S. assimilis these intervening scales are markedly 
larger than the surrounding tail scales, and in some cases 
are only slightly smaller than the large spines of the 
laterodorsal row down either side of the tail. This can 
give the appearance of a row of 4 or 5 enlarged scales 
across the top of the tail — hence the ‘whorls’ described 
by Storr (1988). 


Among the spiny-tailed members of the genus, 
Strophurus wellingtonae, Strophurus krisalys and 
several populations within Strophurus ciliaris (central 
Australia and inland north-west New South Wales 
and adjacent areas of inland South Australia and 
Queensland) also have a single row of enlarged 
unicoloured spines down either side of the tail. However, 
these are present as a single row of typically medium to 
short spines with the intervening scales not markedly 
different in size from adjacent tail scales and greater 
than five in number. 


TABLE 1 
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Illustration of the diagnostic tail scalation of 
Strophurus spinula sp. nov. and S. assimilis. 
A) Strophurus spinula sp. nov., showing the 
decrease In size of tall spines approachino 
the tip of the tail (AMS R150638 from 7 km 
NE of Menzies, WA); B) S. assimilis, showing 
the increase In size distally to become 
pronounced spines (AMS R150639 from 
26.3 km SE of Menzies, WA). Also identified 
are the intercaudal scales which lie 
transversely between the enlarged caudal 
spines of the tail (illustration Cecilie Beatson). 


Comparative table of key body measurements, tail scalation and precloacal pores for Strophurus spinula sp. nov., 


Strophurus assimilis, and representative populations of Stroohurus intermedius trom Western Australia and 


South Australla. 


S. spinula sp. nov. 


Maximum SVL (mm) 61.2 


Tail length (% SVL) 


Range 47.8—64.8 
Mean+SD 55.4 + 5.7 
N 8 

Caudal spines 

Range 17-20 
Mean+SD 16.5.= 1.2 
N 8 
Precloacal Pores 

Range 11-13 
Mean+SD 12.4+0.9 


N 5 


S. assimilis 


80.8 


49.3—66.3 
54.9+ 5.0 


17 


18—20 


18.3 + 0.7 


17 


12-17 


14.9 € 2.1 


11 


S. intermedius 


13-18 
]5.9 = 1:3 
17 


9—15 
11.7 + 1.5 
13 


15 
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Strophurus intermedius is similar to Strophurus 
spinula sp. nov. and Strophurus assimilis in having 
enlarged uniformly coloured caudal scales on the tail. 
However, the expression of these enlarged tail scales in 
S. intermedius differs 1n that they are typically present 
as a pair of similarly-sized, low (somewhat flattened) 
tubercles on either side, separated across the dorsal 
surface of the tail by a few (2-3) intervening smaller 
scales, usually still larger than the surrounding granular 
scales of the tail. Occasionally, one of the paired 
enlarged tubercles on either side can be lost such that 
only a single tubercle is present, and occasionally lost 
to the extent that there is only a single row of enlarged 
tubercles on the dorsolateral alignment on either side 
of the tail, similar in arrangement to that seen in to 
S. spinula sp. nov. However, the enlarged caudal tubercles 
of S. intermedius decrease 1n size progressively over the 
posterior part of the tail and are barely discernible at the 
tip, whereas the enlarged scales (spines) of S. spinula 
sp. nov. while reduced in size at the tip are readily 
discernible, and those of 8. assimilis increase In size 
distally to become pronounced spines towards the tip. 


Strophurus spinula sp. nov. and Strophurus assimilis 
are readily differentiated from each other by the size of 
the tail spines on the distal part of the tail (Figure 2), and 
in the pattern and alignment of the dorsal tubercles on the 
body. In S. spinula sp. nov. the enlarged spines of the tail 
decrease in size approaching the tip of the tail whereas 
those of S. assimilis increase in size distally to become 
pronounced spines. Strophurus spinula sp. nov. and 
S. assimilis are also differentiated by pattern and alignment 
of dorsal tubercles on each side of the body which 
are typically arranged as a continuous sinuous line in 
S. assimilis, whereas the tubercles of S. spinula sp. nov. are 
arranged in a relatively straight line down the axis of the 
body but as discontinuous sets of 2—4 tubercles in a line. 


Both Strophurus spinula sp. nov. and Strophurus 
assimilis differ from Strophurus intermedius ın tail 
length and the number of enlarged caudal scales 
down the length of the original tail (Table 1). The tail 
of S. intermedius 1s on average shorter (x = 48.1%, 
41.6—56.590) than that of S. spinula sp. nov. (x = 55.4%, 
47.8—64.8%) and S. assimilis (x = 54.9%, 49.3—66.3%), 
and S. intermedius has fewer enlarged caudal tubercules 
(x = 15.9, range 13-18) than the enlarged caudal 
spines present in S. spinula sp. nov. (x = 18.5, range 
17—20; p = 0.005) or S. assimilis (x = 18.3, range 18—20; 
p « 0.001), but with some overlap in range. There is 
also a significant difference 1n the number of precloacal 
pores between S. intermedius (x = 11.7, range 9-15) 
and S. assimilis (x = 14.9, range 12-17; p < 0.001) with 
some overlap in range, but not with S. spinula sp. nov. 
(x = 12.4, range 11—13; p = 0.356) (Table 1). 


GENETICS 


Comparisons of the genetic distances between and 
within species are shown in Table 2. From our nuclear 
data we recover a topology that 1s generally congruent 
at the higher levels with that of Skipwith et al. (2019) — 


the most reliable estimate of Strophurus relationships 
to date, but with the caveat that that study lacked 
S. assimilis s.s., and as such there is some discordance 
with that study. Our mitochondrial data result in a 
topology that identifies similar major clades of species 
in agreement with the nDNA tree except for the strong 
and conflicting placement of S. assimilis as sister to 
S. strophurus. Our mtDNA topology 1s more similar to 
the concatenated tree presented by Nielsen et al. (2016). 
Here we present the nDNA tree (Figure 1) to avoid the 
potentially artifactual representation of S. assimilis 
and S. strophurus as sister taxa. We agree with the 
suggestion of Nielsen et al. (2016) that the pairing of 
these species 1n mitochondrial data 1s likely the result of 
historical introgression. 


TAXONOMY 


The genetic data clearly 1ndicates Strophurus assimilis 
as currently conceived is polyphyletic, comprising 
two species of spiny-tailed gecko. The morphological 
assessment further supports the differentiation of these 
lineages as distinct taxa, one of which is here described 
as a new species. 


Genus Strophurus Fitzinger, 1843 
Strophurus spinula sp. nov. 
Lesser Thorn-tailed Gecko 


(Figure 3) 


urn:İsid:zoobank.org:act:2009ABAA-7854-489D-A2EA- 
SEBC49A69CB8 


MATERIAL EXAMINED 


Holotype 


Australia: Western Australia: WAM R135136 
Rosemont (27.9308°S, 122.3181°E), collected by Paul 
West (HGM Environmental Services), 15—22 September 
1998. 


Paratypes 


Australia: Western Australia: WAM R112107 Paynes 
Find, 20 km SW (29.2858°S, 117.4808°E), G. Harold, 
10 October 2003; WAM R144778 Bungalbin Hill 
area (30.3333°S, 119.6833°E), Ecologia, 11 December 
2000; WAM R144779 Bungalbin Hill area (30.3333°S, 
119.6833°E), Ecologia, 11 December 2000; WAM 
R136609, R136610 Lake Mason Station (27.5650°S, 
119.4297°E), M.A. Cowan, 15 September 2004; WAM 
R136771 Lake Mason Station (27.5275°S, 119.4722°E) 
M.A. Cowan, 28 November 2004; AMS R150638 
Menzies, 7 km NE of Menzies (29.65°S, 121.05°E); 
WAM R117157 Dead Horse Rocks, 6.5 km N Menzies 
(29.3666°S, 121.2833°E), G. Thomson, 20 July 1993; 
WAM R140417 Leinster Downs Station (28.1561°S, 
120.6931°E), G. Harold and R. Hart, October 1999. 
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FIGURE3 Two individuals of Strophurus spinula sp. nov. from Mt Gibson in Western Australia. A and D) aspects of the 
whole body and the straight-line and broken arrangement of tubercles along the dorsolateral axis of the body; 
B) the head; C) arrangement of enlarged spines along the tail (photos: A-C Anders Zimny; D Ray Lloyd). 
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Referred Material 
See Appendix 1. 


DIAGNOSIS 


Strophurus spinula sp. nov. can be distinguished from 
other members of the genus by the following combination 
of characters: a relatively straight and discontinuous row 
of enlarged unicoloured tubercles along the dorsolateral 
margin of the body; tail with a single row of enlarged 
unicoloured spines on either side of the original tail, 
progressively decreasing in size towards the distal part of 
the tail; scales In a transverse line across the tail between 
longitudinal rows of enlarged caudal spines scales 23 
in number at mid-tail and larger than surrounding tail 
scales. 


Of the species likely to be confused with Strophurus 
spinula sp. nov. only Strophurus assimilis and some 
populations of Strophurus ciliaris have a single row of 
enlarged, unicoloured, spines on either side of the tail. 
Strophurus spinula sp. nov. can be distinguished from 
populations of S. ciliaris with unicolored, spines on either 
side of the tail (those listed as S. ciliaris “population 7" — 
Sadlier et al. 2005), in having 2—3 intervening scales in a 
transverse line across the tail between longitudinal rows 
of enlarged caudal spines at mid-tail vs 4—7, and in these 
being larger vs similar in size to the surrounding tail 
scales. Strophurus spinula sp. nov. can be distinguished 
from S. assimilis in having the distal tail spines reducing 
in size towards the tail tip, whereas S. assimilis has the 
distal tail spines increasing in size towards the tail tip. 
Strophurus spinula sp. nov. can be further distinguished 
from S. assimilis in having the enlarged tubercles along 
the dorsolateral margin of the body present as a straight, 
but discontinuous, row vs a more or less continuous wavy 
row of enlarged tubercles down the body. 


DESCRIPTION 


Measurements: Maximum SVL 61.2 mm (x = 51.9, 
range 40.8—61.2, n = 10); tail length 47.8—64.8% of SVL 
(x = 55.4%, n = 8); axilla to groin length 40.2—50.8% of 
SVL (x = 45.2% n = 8); head length 25.0-30.1% SVL 
(x = 26.7%, n = 10); head width 66.2—74.4% of head 
length (x = 71.4%, n = 10); hind limb length 38.6—46.7% 
SVL (x = 42.4%, n= 10). 

Scalation: Nostril surrounded by rostral, single 
supranasal, two postnasals, and first labial. Rostral 
divided by a median groove. Internasals 1—3 (mode 2). 
Enlarged ciliary spines 1—3 (mode 1), and low (length 
1.5 times greater than that of adjacent scales). Underside 
of digits of forelimbs with single pair of large apical 
plates, followed on fourth digit by 4—5 (mode 4) 
transverse lamellae and proximally by 1—2 (mode 2) 
pairs of elliptical or circular scales. Underside of digits 
of hind limbs with pair of large apical plates, followed 
on fourth digit by 4—6 (mode 5) transverse lamellae and 
proximally by 0—3 (mode 2) pairs of elliptical or circular 
scales. Precloacal pore row in males 11—13 (mode 13) 
in total, interrupted medially by 1—2 poreless scales. 
Cloacal spurs two either side. 


Enlarged dorsal tubercles of the body arranged 
in a single parallel row each side of the dorsal mid- 
line, tending to be in a straight alignment down the 
paravertebral axis of the body, but usually broken at 
intervals along its length. Enlarged dorsal spines of 
original tail 17—20 (x = 18.5 + 1.2, n = 8) down either 
side of the tail. At mid-distance along tail these spines 
are separated (transversely) by two (rarely three) 
scales In a transverse line across the tail between the 
longitudinal rows of enlarged caudal spines, and by 4—5 
intervening scales between the enlarged spines down 
the tail. 


Colour and pattern: Dorsal surface mid-grey, and 
on well-patterned individuals contained within a 
wavy dorsolateral edge that defines it from the lighter- 
coloured lateral surface of the body. Dorsal surface of 
body relatively uniform or with scattered dark markings, 
these being concentrated along the dorsolateral edge. 
Dark dorsal colour converging at the shoulders and then 
extending forward over the neck and head variably as 
irregular broad blotches, or as scattered markings and 
forming a coarse dark temporal streak to the back of the 
eye and a pattern of dark reticulating markings on top of 
the head. Dorsal tubercles of the body uniformly grey 
to light to dark tan in colour and aligned along the outer 
(convex) inflexions of the dark wavy dorsolateral edge. 
Lateral surface of the body light grey, relatively uniform 
or variably with darker blotches similar in tone to dorsal 
surface and/or with dark markings, these tending to 
be aligned along the midlateral axis in a wavy pattern 
and forming a pattern of connected pale grey blotches 
along the side of the body. Ciliary spines usually grey, 
sometimes darker. Tail light grey with an extension 
of darker markings from the wavy dorsolateral edge 
extending as irregular markings down either side of the 
tail in the intracaudal spaces between the enlarged tail 
tubercles. 


The reticulated part of the iris is ringed In orange- 
brown in the images of the only two live individuals 
photographed from Mt Gibson (Figure 3). Colour of 
mouth lining unknown. 


DISTRIBUTION 


Strophurus spinula sp. nov. has been recorded as 
for north as Yalgoo (28.35°S), Lake Mason Station 
(27.5275°S) and Rosemont (27.9308°S), south to Mt 
Gibson (29.575°S), Bungalbin (30.333°S) and Menzies 
(29.65°S), and east to Laverton and White Cliffs (Figure 
4A). Most of its distribution lies within the southern 
part of the Mulga (Acacia aneura) woodlands of 
Western Australia, extending peripherally into adjacent 
vegetation types 1n the south of its range. 


The distribution of Strophurus spinula sp. nov. 
broadly overlaps with Strophurus strophurus, though 
the latter 1s more widespread, and to a lesser extent 
in the east of its range with Strophurus wellingtonae. 
Strophurus spinula sp. nov. and Strophurus assimilis are 
largely parapatric in distribution, with minimal overlap 
in the Bungalbin Hill area and Mount Manning. 
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HABITAT 


Data associated with records of Strophurus spinula 
sp. nov. in the WAM collection note it as being 
recorded in the north of its range from ‘open mulgas 
on red rocky soil’ and *mulga on red loam’ at White 
Cliffs (R53335, R56011, R85442—44), *mulga below 
a breakaway' at Leinster Downs Station (R140417), 
‘mulga/shrubs’ at Yuinmery (R74699), ‘low shrubland 
with acacia emergence’ on Mount Wardiacco (R49283), 


and in ‘sparse eucalypts open acacia on stony red soil 


FIGURE 4 A) Distribution of Strophurus spinula sp. 

nov. (green) and Strophurus assimilis (blue) 
in Western Australia; B) distribution of 
Strophurus assimilis (blue) in South Australia 
based on locations given in Appendix 1. 
Note: yellow dots represent records previously 
assigned to Strophurus assimilis which are 
represented by observations or museum 
specimens whose Identity was uncertain, 
or which were not included in the material 
examined. 
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(R60922—23) and “eucalypts over mixed acacias on stony 
red-brown loam’ (R112107) near Paynes Find. In the 
south of its range, ıt was found in ‘mallee with dense 
mixed understory’ near Bungalbin Hill (R144778—79). 
A single specimen recorded from Rosemont by HGM 
Environmental Services in 1998 (as Strophurus 
assimilis) which presumably represents the holotype, 
was from a site located on a saline alluvial plain with 
scattered halophytic shrubland (HGM 1999). 


ETYMOLOGY 


The species name ‘spinula’ is the Latin for ‘little 
thorn’ in reference to the comparatively small size of 
the tail spines, a feature which distinguishes it from 
regionally parapatric Strophurus assimilis which has 
more pronounced spines on the tail and bears the 
common name the ‘Thorn-tailed Gecko’. The specific 
epithet is constructed as a noun In apposition. 


Strophurus assimilis Storr, 1988 
Figures 5-7 


With the description of Strophurus spinula sp. nov. a 
revised description and distribution for Strophurus 
assimilis 1s provided here. 


DIAGNOSIS 


Strophurus assimilis can be distinguished from other 
members of the genus by the following combination of 
characters: a continuous to near continuous (sometimes 
broken) wavy row of enlarged unicoloured tubercles 
along the dorsolateral margin of the body (Figures 5, 
7A—B), tail with a single row of enlarged unicoloured 
spines on either side of the tail that progressively 
increase In size and become more spinose approaching 
the distal part of the tail (Figures 6A, 7A, 7C); scales 
in a transverse line across the tail between longitudinal 
rows of enlarged caudal spines scales mid-tail 23 in 
number at mid-tail, and typically significantly larger 
than surrounding tail scales; colour of mouth lining deep 
blue. x 


Of the species likely to be confused with Strophurus 
assimilis, only Strophurus spinula sp. nov., some 
populations of Strophurus ciliaris, and Strophurus 
wellingtonae have a single row of enlarged, unicolored, 
spines on either side of the tail. Strophurus assimilis can 
be distinguished from populations of S. wellingtonae and 
S. ciliaris with unicolored spines on either side of the tail 
in having the 2—3 vs 7—11 and 4—7 scales, respectively, in 
a transverse line across the tail between the longitudinal 
rows of enlarged caudal spines at mid-tail, and 1n these 
being larger vs similar in size to the surrounding tail 
scales. Further, S. assimilis can be distinguished from 
S. ciliaris 1n having a blue vs yellow mouth colouration. 
Strophurus assimilis can be distinguished from 
S. spinula sp. nov. 1n having the distal spines of the tail 
increasing 1s size compared to those preceding, whereas 
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S. spinula sp. nov. has the distal tail spines decreasing in 
size. Strophurus assimilis can be further distinguished 
from S. spinula sp. nov. 1n having the enlarged tubercles 
along the dorsolateral margin of the body present as a 
more-or-less continuous wavy row of enlarged tubercles 
down the body row vs straight but discontinuous row. 


DESCRIPTION 


Measurements: Maximum snout-vent length (SVL) 
80.8mm (adults x = 67.0, range 53.7—80.8, n = 22); tail 
length 49.3—66.3% of SVL (x = 54.9%, n = 17); axilla 
to groin length 41.9-51.3% SVL (x = 46.4, n = 22); head 
length 23.9-28.3% SVL (x = 26.2%, n = 22); head width 
62.6—78.6% of head length (x = 70.2%, n = 22); hind 
limb length 36.7—48.8% SVL (x = 41.7%, n = 22). 


Scalation: Nostril surrounded by rostral, single 
supranasal, usually two postnasals (occasionally three), 
and first labial. Rostral divided by a median groove. 
Internasals usually one (rarely two). Enlarged ciliary 
spines 2—/ (mode 5), and moderate in length (2 times 
that of adjacent scales). Underside of digits of forelimbs 
with single pair of large apical plates, followed on fourth 
digit by 3—5 (mode 4) transverse lamellae and proximally 
by 1-3 (mode 2) pairs of elliptical or circular scales. 
Underside of digits of hind limbs with pair of large 
apical plates, followed on fourth digit by 4—5 (mode 4) 
transverse lamellae and proximally by 1-3 (mode 2) 
pairs of elliptical or circular scales. Precloacal pores in 
males 12—17 in total, separated medially by 1—2 (rarely 
3) poreless scales. Cloacal spurs 23 either side (mode 2). 


Enlarged dorsal tubercles of the body arranged 
as a single, parallel row on each side down the 
paravertebral axis of the body, wavy in alignment and 
typically continuous over most of its length, but broken 


anteriorly at and just posterior of the forelimbs In some 
individuals. Enlarged dorsal spines of original tail in a 
regular arrangement of 18—20 (x = 18.3 + 0.7, n = 17) 
rows down either side of the tail. At mid-distance 
along tail these spines are separated (transversely) 
by 2—4 scales across the tail, these intervening scales 
consisting of an enlarged tubercle with or without an 
additional smaller enlarged scale (also typically larger 
than the adjacent granular tail scales), and by 5 (rarely 
4) intervening scales between the enlarged spines down 
the tail. 


Colour and pattern: Dorsal surface light to mid grey, 
occasionally darker, and contained within a dorsolateral 
series of enlarged, tan to dull orange-coloured tubercles 
that form a wavy edge down either side of the body. 
Dorsal surface of body relatively uniform but sometimes 
with irregular dark markings anteriorly concentrated 
as a wavy dorsolateral edge along the underside of the 
enlarged tubercles, and extending anteriorly as a wavy 
margin to the top of the eye. Base colour of the lateral 
surface of the body usually similar to the dorsal surface. 
some individuals darker 1n tone and with a pattern of 
elongate and irregular (sometimes diamond-shaped) and 
variably connected paler blotches on the lateral surface, 
aligned and variably continuous with a pale temporal 
streak along the side of the head to the back of the eye. 
A variably defined pale canthal stripe along the snout, 
and in some more or less extending along the side of the 
tail. Individuals with this pattern (Figure 6A) present 
a two-toned (darker dorsal/lighter lateral) appearance 
by virtue of the paler lateral markings dominating the 
surface appearance. The dark dorsal colouration of 
two-toned individuals extends across the top of the head 
uniformly or broken into large blotches. Ciliary spines 
usually grey-brown to tan, occasionally lighter grey or 


FIGURE 5 


Holotype of Strophurus assimilis, Storr (WAM R72164) from near Bungalbin Hill in Western Australia. 


Note: the well-defined wavy and continuous row of enlarged tubercles along the dorsolateral axis of the body. 
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brown to dark brown. Tail similar in colour and pattern 
to body, with the enlarged tail tubercles similar in 
colour to those on the body, and In some individuals the 
enlarged intercaudal scales similarly coloured. 


The reticulated part of the iris in the image of both 
live individuals from the Coolgardie and Norseman 
area in Western Australian (Figure 6) and from Eyre 
Peninsula in South Australia (Figure 7A) is ringed in 
dark brown. 
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Variation: There 1s variation 1n the extent of enlarged 
dorsal tubercles down each side of the paravertebral 
axis of the body between the insertions of the limbs. In 
Western Australia, this row is typically continuous and 
wavy over most of its length (Figure 5) in populations 
in the north-west (Bungalbin Hill area) and south-west 
of its range (1.e., Yellowdine and Southern Cross), but 
can be broken and discontinuous anteriorly at and just 
posterior of the forelimbs (Figure 6) in some populations 
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Strophurus assimilis. A) Jimberlana Hill near Norseman (AMS R168536); B) near Coolgardie (CAS 261076). 


Note: lack of continuity anteriorly of enlarged tubercles along dorsolateral axis of the body (photos Ross Sadlier). 
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Strophurus assimilis. A) Port Kenny in South Australia; B) the well-defined wavy and continuous row of 


tubercles along the dorsolateral axis of the body; C) the particularly pronounced tail spines of the Eyre 
Peninsula population as they increase in size distally (photos Jules Farquhar). 


in the east of its range in Western Australia (1.e., 
Coolgardie and Norseman). Those individuals with the 
enlarged dorsal tubercles broken or reduced 1n number 
anteriorly and lacking an original tail can be difficult to 
distinguish from Strophurus spinula sp. nov. 


In the Queen Victoria Springs area at the eastern 
extremity of the species distribution in Western 
Australia, several specimens (WAM R15213, R58709, 
R99605, R99606 R100621) had the enlarged dorsal 
tubercles down each side of the body, wavy in 
alignment over most its length, in some broken and 


discontinuous anteriorly, and three had an original tail 
with the distal spines increasing 1s size — these could 
be unequivocally assigned to Strophurus assimilis. 
Other specimens from the area Queen Victoria Springs 
(WAM R15214, R48652, R48657, R48658) had the 
enlarged dorsal tubercles down each side of the body 
broken and discontinuous anteriorly, and to some extent 
posteriorly, and one had the row of tubercles broken 
and discontinuous over much its length down the 
body — all did not have original tails and could not be 
unequivocally assigned to S. assimilis and are here listed 
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as incertae sedis. The extent of variation observed at this 
location in the presence and alignment of the enlarged 
dorsal tubercles of the body highlights the difficulty in 
determining the identity of individuals on this character 
alone where the original tail has been lost. 


Conversely, most of the specimens and images of 
individuals from the population in the Eyre Peninsula 
and adjacent areas in South Australia have the line of 
enlarged dorsal tubercles between the insertions of the 
limbs continuous and wavy over most its length (Figure 
7A—B), and the enlarged dorsal tubercles of the tail 
spinose In appearance (Figure 7A and C). Images of live 
individuals of this population typically have a light to 
mid ground colour with enlarged dorsal tubercles of the 
body and tail tan to dull orange. 


Populations in Western Australia have fewer enlarged 
ciliary scales (2-5, mode 3) than those on the Eyre 
Peninsula (4—7, mode 5) and in the eastern Great 
Victoria Desert region (5—6, mode 5) of South Australia. 


DISTRIBUTION 


Strophurus assimilis has been recorded In Western 
Australia as far north as Mount Manning Range 
(29.9833°S), Bungalbin Hill area (30°S) and the vicinity 
of Menzies (29.916°S), south to McDermid Rock 
(32.0555°S) and Norseman area (32.147°S), and east 
to Queen Victoria Spring (123.6833°E) and Zanthus 
(123.56677^E) (Figure 4A). In South Australia it been 
recorded from sites on the western coast and adjacent 
interior of Eyre Peninsula, extending into the Queen 
Victoria Desert as far east as the Kimba area and as far 
west as Maralinga (131.58719°E) (Figure 4B). 


HABITAT 


Data associated with records of Strophurus assimilis 
in the WAM collection note it as being recorded from the 
following habitats. In the north of its range in Western 
Australia from ‘mallee with spinifex on red brown 
sand’ at Goongarrie Station (R145897), ‘red sand dunes 
spinifex shrublands’ just south of Menzies (R100520), 
whereas the population from further west just north-east 
of Bungalbin Hill occurred in ‘heath/banksia’ (R76141, 
R76218—19, R76226—27) and ‘heath/mallee’ (R76195). 
The population from the more arid interior to the east 
near Queen Victoria Spring was recorded from ‘mallee 
with spinifex on red brown sand’ (R48652), ‘mallee 
spinifex’ on ‘red brown sand’ (R48657—58), “open marble 
gum woodland over 7riodia basedowii’ (R100621), and 
— ‘Acacia helmsii, Hakea francisiana, Grevillea spp., 
Allocasuarina spp., some Eucalyptus mannensis and 
E. gonglyocarpus’ (R99605—06). 

Further south in its range the species has been 
recorded from a ‘callitris heath isolate’ near Boorabbin 
(R72267, R74418—20), ‘low heath on yellowish soil 
near Yellowdine (R61322), ‘open sedges and grasses 
on granitic soils’ at Boodarding Rock (R78765—66), 
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‘acacia shrubland near granite outcrop’ near Woolgangie 
(R78724), *E. salmonophloia woodland’ near Heartbreak 
Ridge (R72362), and ‘samphire’ (R74295) and 
‘C. [= Allocasuarina?| campestris heath’ (R74294) near 
McDermid Rock. 


DISCUSSION 


Two recent phylogenetic studies, one by Nielsen et al. 
(2016) investigating the evolution of defensive strategies 
in Strophurus and the other by Skipwith et al. (2019) on 
the relationships of diplodactylids and carphodactylids, 
included samples of Strophurus assimilis as it was 
conceived then. 


Nielsen et al. (2016) included five samples of our 
redefined Strophurus assimilis, but no samples of 
Strophurus spinula sp. nov. Their study recovered a 
well-supported sister relationship between S. assimilis 
s.s. and Strophurus strophurus in their phylogenetic 
analysis based on a concatenated mitochondrial 
(mtDNA) and nuclear (nDNA) data set. However, 
this result was not recovered in any analyses of 
nuclear data alone and was regarded as indicative of 
mtDNA introgression between the two species, which 
were then regarded as overlapping geographically. 
Our study also found a sister relationship between 
S. assimilis and S. strophurus in the analysis of the 
concatenated ND2 mtDNA and RAGI nDNA data 
set, and for ND2 alone, but not for RAGI alone, also 
supporting the potential introgression between the two 
species. However, our revised S. assimilis 1s largely 
parapatric with S. strophurus, rather than overlapping 
with it in distribution as stated by Nielsen et al. (2016). 


Skipwith et al. (2019) used a similar suite of Strophurus 
species in their study based on Ultra Conserved 
Elements, but their sample of Strophurus assimilis, a 
specimen (WAM R154745) from Mt Gibson, is here 
recognised as Strophurus spinula sp. nov. That study 
placed S. spinula sp. nov. (as S. assimilis) within a group 
that also included Strophurus intermedius, Strophurus 
spinigerus and Strophurus rankini, a result consistent 
with our study (Figure 1). Further, Skipwith et al. (2019) 
also found the spineless Strophurus strophurus to be the 
sister to the ‘spiny-tailed’ species, a result also consistent 
with our study, and consistent with its similarities. to 
other ‘spiny-tailed’ species in overall appearance, colour 
and behaviour, despite lacking tail spines. 
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Specimens used in compiling the description Strophurus spinula sp. nov. and redescription of 


Strophurus assimilis are marked with a single asterisk (*), specimens used in the genetic analysis 
only with a double asterisk (**), and those used In both morphological study and genetic analysis 
by a triple asterisk (***) — the remaining specimens of these species listed were examined for key 
diagnostic features only and were used in compiling the distribution map (Figure 4). Specimens of 
Strophurus intermedius examined in the morphological study are listed below, as are other species 
used in the genetic analysis. Western Australia is abbreviated to WA, and South Australia to SA. 


Strophurus spinula sp. nov. 


Type material (all WA): WAM R135136*** (holotype) 
Rosemont (27.9308°S, 122.3181°E); WAM R112107*** 
(paratype) Paynes Find, 20 km SW (29.2858°S, 
117.4808°E); WAM R144778* (paratype) Bungalbin 
Hill area (30.3333°S, 119.6833°E); WAM R144779*** 
(paratype) Bungalbin Hill area (30.3333°S, 119.6833°E); 
WAM R136609***, R136610*** (paratypes) Lake 
Mason Station (27.5650°S, 119.4297°E); WAM R136771* 
(paratype) Lake Mason Station (27.5275°S, 119.4722°E); 
AMS R150638*** (paratype) Menzies, 7 km NE of 
Menzies (29.65°S, 121.05°E); WAM R117157* (paratype) 
Dead Horse Rocks, 6.5 km N Menzies (29.3666°S, 
121.2833°E); WAM R140417*** (paratype) Leinster 
Downs Station (28.1561°S, 120.6931°E). 


Other material WAM (all WA): R1304 Laverton 
(28.6333°S, 122.4000°E); R20652-53 White Cliffs 
(28.4333°S, 122.9500°E); R48340 48 km N Beacon 
(30.0000°S, 117.8333°E); R49283 (paratype) SW slope 
of Mount Wardiacco (28.9833°S, 118.2167°E); R53290 
10 km SW Kookyne (29.4000°S, 121.4167°E); R53335 
White Cliffs HS (28.4333°S, 122.9500°E); R60922—23 
(paratypes) Paynes Find (29.2500°S, 117.6833°E); 
R67122 12 km NNE Bungalbin Hill (30.3000°S, 
119.7167°E); R69068—70 1 km N Yuinmery HS 
(28.550058, 119.0167°E); R75576 Yalgoo (28.3500°S, 
116.6833°E); R76034—35, R76044—47 4 km NNE Mount 
Jackson (30.2166°S, 119.2667°E); R85442—43 White 
Cliffs HS (28.4333°S, 122.9500°E); R86639 28 km S 
Leonora (29.1333°S, 121.3333°E); R117157 Dead Horse 
Rocks, 6.5 km N Menzies (29.3666°S, 121.2833°E); 
R131632 Ninghan Station | Wangarra Rock] (29.4169°S, 
117.2828^E); R1366368 Lake Mason Station (27.5275°S, 
119.4722°E); R154745 Mount Gibson (29.5750°S, 
117.1603°E). 


Other material CAS (all Western Australia): 261055** 
Menzies, 2.9 km S (29.71472°S, 121.04283°E); 261068** 
Leonora, 42.2 km S (29.26392°S, 121.29036°E). 


Strophurus assimilis 


Referred material WAM (all WA): R15213 Queen 
Victoria Spring (30.4333°S, 123.5667°E); R17859 
Coolgardie (30.9500°S, 121.1667°E); R26755-56 
Dedarı (31.0833°S, 120.6833°E); R58709 4 km S Queen 
Victoria Spring (30.4666°S, 123.5667°E); R64783 Mount 
Manning Range (29.9833°S, 119.6000°E); R65322 3.7 km 
SW McDermid Rock (32.0486°S, 120.7111°E); 
R65901—02 3.5 km NE Comet Vale (29.9000°S, 
121.5000°E); R67109 (paratype) 16 km NE Bungalbin 
Hill (30.2666°S, 119.7333°E); R67124, (paratype) 12 km 


NNE Bungalbin Hill (30.3000°S, 119.7167°E); R67174, 
72165, 72167—70, R72213 (paratypes) 15 km NE 
Bungalbin Hill (30.2930°S, 119.7333°E; R67184 
(paratype) 20 km NE Bungalbin Hill (30.2500°S, 
119.7667°E); R72164 (holotype) 15 km NE Bungalbin 
Hill (30.2930°S, 119.7333°E); R72267 near Boorabbin 
(31.2500°S, 120.2333°E); R74294—95 6.3 km SW 
McDermid Rock (32.0555°S, 120.7111°E); R74418—21 
23 km SSW Boorabbın (31.2500°S, 120.0667°E); 
R76218—19, R76226-27 (paratypes) 15 km NE 
Bungalbin Hill (30.2833°S, 119.7333°E); R78694 
(paratype) 10 km ENE Mount Manning Range (SE 
Peak) (29.9666°S, 119.7500°E); R87863 Wanaway Well, 
15 km SW Widgiemooltha (31.6000°S, 121.466°E); 
R99605—06 Queen Victoria Spring Nature Reserve 
(30.2333°S, 123.6833°E); R99895 Bungalbin Hill 
(30.4000°S, 119.6333°E); R100520*** 15 km SW 
Menzies (29.8333°S, 120.9167°E); R100621 25 km 
NNE Queen Victoria Spring (30.2333°S, 123.6833°E); 
R111224 Bungalbin Hill (30.2833°S, 119.7500°E); 
R112874 Ora Banda (30.3994°S, 121.1239°E); 
R121224 Bungalbin (30.2833°S, 119.7500°E; R126363 
Bungalbin Sand Plain (30.2950°S, 119.7419°E); 
R126392, R126398””, R126402, R126404 Bungalbin 
Sand Plain (30.2950°S, 119.7419°E); R127565*** 
Goongarrie (29.9633°S, 121.0750°E); R132865 5 km NE 
Dedarı (31.9500°S, 120.6167°E); R135205 10 km NW 
Norseman (32.1602°S, 121.7417°E); R144128 7 km NW 
Broad Arrow (30.4275°S, 121.2600°E); R145897*** 
Goongarrie Station (29.9680°S, 121.0250°E). 


Referred material SAMA (all SA): R20749—50*** 
Port Kenny (33.17°S, 134.68°E); RA0834*** $ km NW 
of Port Kenny (33.12°S, 134.61°E); R40834* 8 km NW 
of Port Kenny (33.1167°S, 134.6125°E); R40835* 1.5 km 
NW of Port Kenny (33.16°S, 134.67°E); R40979** 5 km 
NW of Witera, on Flinders H/way; R42982* 5 km NW 
of Port Kenny (33.13°S, 134.63°E); R43033* 5 km NW 
of Port Kenny (33.13°S, 134.63°E); R45555*** 16.5 km 
NNE of Inila Rockwater (31.63°S, 133.45°E); R45561*** 
l6 km NNE of Inila Rockwater (31.65°S, 133.49°E); 
R45562*** 26 km N of Inila Rockwater (31.54°S, 
133.40°E); R52627* Pinkawillinie Conservation Park 
(33.06°S, 135.79°E); R56630*** 1.2 km E (92 Deg) 
Corrobinnie Hill (32.99°S, 135.75°E); R61316””” 
8.2 km NNW Oak Hill (32.13°S, 134.33°E); R61578” 
16.2 km NE Pinbong Trig, Pinkawillinie Conservation 
Park (32.86°S, 135.50°E); R65776* 1 km E Maralinga 
(30.16°S, 131.59°E); R67583* 20.6 km N Koonibba 
Community (31.72°S, 133.44°E); R68101* 57.45 km SW 
Ooldea (30.78°S, 132.309E). 
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Referred material AMS (all WA): R149832””” 
17.6 km W Bonnie Vale Rail Stn. via road 3.8 km N 
Bonnie Vale (30.80°S, 120.98°E); R150639*** Menzies, 
26.3 km SSE Menzies (29.92°S, 121.12°E); R150641* 
Dedari (31.08°S, 120.68°E); R168536*** Jimberlana 
Hill, 7 km E of Norseman (32.147°S, 121.81122°E). 


Referred material CAS (all WA): 261075** 11 km 
E of Barra Road junction and Spargoville Road 
(31.18243°S, 121.21506°E); 261076** 21.4 km east of 
Barra Road junction and Spargoville Road (31.19257°S, 
121.32153° E); 


Strophurus intermedius 


Material examined SAMA: R5956A, 5956B, 5956C 
Fraser Range WA (31.97°S, 122.87°E); R63254 Eyre 
Highway at Fraser Range WA (31.02°S, 122.82°E); 
R46265 Whyalla Conservation Park SA (32.95°S, 
137.56°E); R47557 2 km NW of Iron Chieftain SA 
(33.17°S, 137.13°E); R61335 2.7 km ESE Wiabuna SA 
(31.97°S, 133.56°E); R61434 15.0 km NNE Coorabie SA 
(31.81°S, 133.10°E); R61528—29 23.1 km WSW Coorabie 
SA (31.90°S, 132.05°E); R68181 23 km NW Whyalla 
SA (32.89°S, 137.39°E); R26483 67.5 km NW Cook SA 


(30.07°S, 130.07°E); R63073 8.5 km N Peelunibee Water 
SA (31.36°S, 131.18°E); R63094 1 km NE Peelunibee 
Water SA (31.43°S, 131.18°E); R63099 3.4 km 
N Peelunibee Water SA (31.41°S, 131.20°E); R63372 
16.6 km ENE Colona SA (31.59°S, 132.23°E); R63454 
35.9 km WSW Yalata Roadhouse SA (31.56°S, 
131.44°E); R63467 22.0 km NNE Nundroo SA (31.60°S, 
132.29°E). 


Material examined AMS: R100544 Newman Rocks 
WA (32.12°S, 123.17°E); R115725 Pt. Parham SA 
(34.43°S, 138.27°E); R168533—55 Newman Rocks WA 
(52.1275, 123:98* E). 


Incertae sedis 
Material examined WAM (all WA): R15214 ‘10 


miles’ E Zanthus (31.0333°S, 123.5667°E); R48652 
1-3 km N Queen Victoria Spring (30.4166°S, 


123.5667°E); R48657—58 2-4 km N Queen Victoria 
Spring (30.4000°S, 123.5667°E); R72112 12 km NNE 
Bungalbin Hill (30.3000°S, 119.7167°E); R72166 15 km 
NE Bungalbin Hill (30.2930°S, 119.7333°E; R121235, 
Bungalbin (30.2833°S, 119.7500°E; R130847 Beacon 
Area (30.2375°S, 118.3028°E). 
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ABSTRACT - Three species of Uperoleia toadlets occur in the Darwin region, and are difficult to tell 
apart due to similar size and colouration. Identification has generally relied on differences in male 
advertisement calls. Uperoleia daviesae is the Northern Territory's only threatened frog and is impacted 
by urban development and sand mining. Given their threatened status and significance in development 
impact assessments, having a method of species identification that does not rely on calling males is 
particularly important. Here we outline a reliable and simple method for the morphological identification 
of each of the three species based on the shape, size and placement of the parotoid and inguinal 
glands. We also provide comments on the ecology and habitat of U. daviesae, and key information on 
detectability to improve survey work on this threatened species. VVe broadly characterise U. daviesae 
sites as persistent flowing or ‘Intermittent flowing" based on our observations of surface water flow 
and calling patterns. Persistent sites have surface flow and support U. daviesae calling for weeks or 
months after the first significant rainfall, whereas intermittent sites may require 10-day cumulative 
rainfall totals of 5100 mm to trigger calling which may persist for a few days only. Detectability of 
U. daviesae trom calling is therefore site specific. Effective conservation planning and species recovery 
would be aided by research into U. daviesae population dynamics, hydrology of sandsheet heath 
habitats and the potential for sand mining rehabilitation. 


KEYWORDS: Parotoid gland, inguinal gland, species identification, detectability 


INTRODUCTION 


The Darwin region of the Northern Territory 1s home 
to three species in the genus Uperoleia: the Darwin 
region endemic U. daviesae Young, Tyler, and Kent, 
2005; the widespread U. crassa Tyler, Davies, and 


highly genetically distinct, belonging to three separate 
clades; indeed U. daviesae is the most phylogenetically 
distinct species within the genus, estimated to have 
diverged approximately 4 MYA (Catullo and Keogh 
2014). 


Martin 1981 that is distributed across the Kimberley 
and Top End (Jaya et al. 2022); and U. lithomoda Tyler, 
Davies, and Martin, 1981 that is also widespread, 
distributed across the east Kimberley, Top End and 
far north Queensland (Catullo et al. 2014; Catullo and 
Keogh 2014). Males from each species can be easily 
distinguished by their distinctive advertisement calls 
(Catullo et al. 2014; Jaya et al. 2022; Tyler et al. 1980; 
Young et al. 2005), which differ in call duration, number 
of pulses and dominant frequency. These species are also 


Despite the acoustic and genetic differences, there 
has been substantial difficulty in the morphological 
identification of each species. The description of 
U. daviesae (Young et al. 2005) distinguishes it from the 
two sympatric species by being dentate (a characteristic 
that is not easily used in the field), having ‘indistinct’ 
dermal glands and orange-red inguinal pigmentation. 
Uperoleia crassa 1s described as larger, with well-defined 
dermal glands, a smooth dorsum, and light orange 
inguinal pigmentation. Uperoleia lithomoda 1s described 
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as similar In size, but with well-defined dermal glands and 
dark, slightly raised markings. More recent field guides 
refer to U. daviesae having ‘indistinct or moderately 
developed’ parotoid glands (Clulow and Swan 2018), or no 
clear distinguishing characteristics (Eipper and Rowland 
2023). However, observations by the authors are that U. 
daviesae cannot be distinguished by these characters; that 
U. daviesae generally has well-defined, if small, dermal 
glands and both it and U. crassa have variable dorsal 
texture. The colour of inguinal pigmentation is variable 
within many Uperoleia species, particularly across the 
orange/red colour spectrum (RC; pers. obs.). 


The lack of ability to identify the species 
morphologically is problematic because U. daviesae 
is listed as Vulnerable in the Northern Territory under 
the Territory Parks and Wildlife Conservation Act 
(Department of Environment, Parks and Water Security 
2021) and nationally under the Environmental Protection 
and Biodiversity Conservation Act (Threatened Species 
Scientific Committee 2021). The species is restricted to 
sandsheet heath habitats characterised by sand substrates, 
low and sparse vegetation and seasonal inundation 
(Department of Environment, Parks and Water Security 
2021). With most of its distribution within the peri-urban 
growth areas of Darwin, U. daviesae 1s at threat from 
habitat loss, hydrological alteration from the expansion of 
Darwin and sand mining (Department of Environment, 
Parks and Water Security 2021). If possible, reliable 
morphological identification of U. daviesae versus 
sympatric congeners will enable higher confidence in 
ecological survey work, open the opportunity for survey 
methods that assess female frogs, and provide the ability 
to undertake methods of survey such as pitfall trapping 
outside the breeding season. 


Given the frequent reliance on advertisement calls 
for U. daviesae detection, information on the timing of 
calling activity must underpin the design and planning 
of targeted acoustic surveys. Reynolds and Grattidge 
(2012) and (Young et al. 2005) identified that U. daviesae 
calling activity was associated with shallow surface flows 
and that substantial wet season rainfalls were required to 
create suitable breeding conditions. They also identified 
that spatial variation in U. daviesae calling may relate 
to site-specific characteristics (Reynolds and Grattidge 
2012). However, Dostine et al. (2013) found continuous 
calling at a single site when surveying over longer 
periods. These observations point to the need for further 
investigation into the relationships between antecedent 
rainfall and calling activity, and how this may vary 
between sites. 


We here present a method to identify all Uperoleia 
species in the Darwin region based on morphology 
alone. We also outline biological observations on the 
detectability of the species based on site characteristics 
that should be considered in future surveys. Finally, we 
outline areas of research needed to underpin conservation 
planning and management for this distinct species. 


MORPHOLOGICAL IDENTIFICATION 


Differences in gland shape and placement as 
diagnostic characters In Uperoleia were outlined in 
previous work (Catullo and Keogh 2021), which had 
identified clear differences 1n inguinal gland shape and 
placement between U. crassa and U. lithomoda. The 
original description of U. daviesae identified ‘indistinct 
dermal glands’ and small body size as methods to 
distinguish from sympatric congeners (Young et al. 
2005). Reynolds and Grattidge (2012) has also noted 
‘indistinct dermal glands’ of U. daviesae, but consistent 
with our approach outlined below, that they were less 
prominent than U. crassa. 


The identification method described here is based on 
surveys carried out by the authors in January/February 
2023, where we reviewed the gland patterns by species. 
During these surveys, which were focused on the 
collection of genetic samples for conservation planning, 
we captured U. daviesae (n = 130). Each individual 
was morphologically identified, photographed, most 
were measured for snout-urostyle length, and all 
were finger clipped for ongoing genetic assessment 
(Charles Darwin University AEC approved project no. 
A21021, NT Parks and Wildlife Commission permit 
no. 71982). All acoustic/morphological identifications 
of U. daviesae as well as 6 U. crassa from 2023 were 
genetically confirmed as part of ongoing research (not 
shown). Identifications of U. lithomoda from outside 
the Darwin areas were genetically confirmed as part of 
previous research projects (Catullo et al. 2014; Catullo 
and Keogh 2014), as we did not observe them 1n the 
sandsheet heath habitat. 


A review of captured U. daviesae individuals 
identified consistent differences in the shape and 
size of the parotoid and inguinal glands relative to 
U. crassa and U. lithomoda (Figure 1; Reynolds 
and Grattidge 2012; Catullo and Keogh 2021). In 
particular, our approach differs from previous 
descriptions in that we do not identify the parotoid 
gland of U. daviesae as ‘indistinct’. Indeed, the 
parotoid gland is generally well-defined but differs 
in size and placement. The parotoid gland of 
U. daviesae is small, located entirely on the lateral 
surface above the arm, and rarely extends above the 
level of the eye. It does not extend ventrally to the 
arm, nor anteriorly to the eye. The inguinal gland of 
U. daviesae 1s small, round, and restricted to the rear 
half of the dorsal surface, often covered when the leg 1s 
in resting position. 


The parotoid gland of U. crassa is large and 
triangularish. It often extends towards the dorsal 
midline (often on the dorsal surface), ventrally to the 
arm, forward to the posterior edge of the eye, and often 
extends dorsally to above the level of the eye. It is 
substantially larger and more obvious than that of U. 
daviesae. The inguinal gland of U. crassa 1s similar to 
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U. daviesae, in that it is small, round, and restricted to 
the rear half of the dorsal surface, often covered when 
the leg is in resting position. The inguinal gland of 
U. lithomoda distinguishes it from both U. daviesae 
and U. crassa. Inguinal glands of U. lithomoda are 
long and thin, and located dorsolaterally. The parotoid 
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not as large as U. crassa. It 1s important to note that 
this diagnosis applies to the extent of the gland itself. 
Colour patterning on the parotoid glands can be 
variable and sometimes misleading; note in Figure 2 
that the lateral and dorsal areas of the large parotoid 
glands often have differently coloured surfaces in 


U. crassa and U. lithomoda. 


glands of U. lithomoda are large and triangular, but 


FIGURE 1 Diagnostic differences in gland pattern of the three species of Uperoleia in the Darwin region (B, D, F outline 
the glands shown in A, C and E): A-B) U. daviesae, the parotoid glands are small and oval and located 
laterally above the arm, rarely extending dorsally above the level of the eye. The inguinal glands are small, 
round and restricted to the posterior dorsal surface; C-D) U. crassa, the parotoid glands are large, often 
extending above the level of the eye, and cover an extensive dorsolateral area of the frog. [he inguinal glands 
are similar to those of U. daviesae; E-F) U. lithomoda, the inguinal glands are long, thin and distributed 
dorsolaterally. The parotoid glands of U. /thomoda are larger than those of U. daviesae and smaller than those 


of U. crassa. (Photos: U. daviesae by M. Clancy; U. crassa and U. lithomoda by D. Esquerre.) 
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FIGURE 2 
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Variation in the parotoid gland in males from the three species of Uperoleia in the Darwin region: A-F) U. daviesae; 
G-L) U. crassa; M—R) U. lithomoda. All U. daviesae and U. crassa were photographed in the Darwin region during 
January/February 2023, from sites where the species are sympatric. All individuals were accurately identified 
morphologically by the authors using parotoid gland shape and size, with confirmation through subsequent 
genotyping. Uperoleia lithomoda are shown trom previous morphological and genetic work by Renee Catullo. 
(Photos: U. daviesae and U. crassa by A. Stewart and R. Catullo; Uperoleia lithomoda: M, Umbrawarra Rd by 
D. Esquerre; N, Roper Hwy by M. Whitehead; O, Point Stuart Rd by D. Esquerre; P Katherine Gorge Rd by 
M. Whitehead; O, Gregory National Park by M. Whitehead; R, Keep River National Park by M. Whitehead.) 
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All three species are overlapping in size, with a 
trend towards U. crassa as the largest. The mean 
size of calling adult male U. daviesae (n = 97) was 
22.9 mm [19-26]. In broader the Northern Territory, 
the mean size of U. crassa males (n = 11) was 24.5 mm 
121.8—26.51 (Catullo and Keogh 2021), and the mean size 
of U. lithomoda males (n = 17) was 22.2 mm [20.2—24.9] 
(Catullo et al. 2014). 


SITE CHARACTERISTICS AND 
DETECTABILITY 


During the field season, we visited most confirmed 
U. daviesae sites at least twice, and up to six times, 
and observed striking differences 1n the consistency of 
call activity (Table 1, Appendix). We found that sites 
can be broadly characterised as ‘persistent flowing’ or 
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‘intermittent flowing’ according to patterns 1n surface 
water flow persistence. Persistent flowing sites have 
persistent surface water flow and support U. daviesae 
calling activity for weeks or even months after the 
last significant rainfall, as demonstrated by repeated 
visits to such sites (Table 2). The surface flow in these 
sites 1s fed by adjacent laterite which, after becoming 
saturated, slowly releases water across the sandsheet 
(D. Cobban, pers. comm.). In contrast, intermittent 
sites have surface water flow only in the days following 
significant rainfall and calling activity ceases once the 
flows have stopped. Presumably, the intermittent sites 
have smaller or disrupted areas of adjacent laterite 
than flowing sites or surface flow Is derived from 
other substrates. These observations are supported by 
previous work that found U. daviesae active during 
weekly surveys of a single site over a 10-week period 


Observations of variation in Uperoleia daviesae calling activity between sites with variable antecedent rainfall 


during the 2023 summer breeding season. 10-day rainfall’ refers to 10 consecutive 24 hour periods up until 


Calling Y/N Classification 
Persistent 
Intermittent 


Intermittent 


Persistent 


Y 

N 

Y 

Y 

Y Intermittent 
N Intermittent 
N Intermittent 
Y Intermittent 
N 


(1 individual only) Intermittent 


Soil temperature, water temperature and 24-hour rainfall for repeated visits to site UD1, a persistent flow site, 


during the summer breeding season in 2023. Male calling activity was generally continuous regardless of rainfall, 


U. daviesae activity 


Present but low calling activity 
One individual calling 

Many individuals calling 
Many individuals calling 


Many individuals calling 


TABLE 1 
9 am on the sampling day. 
Site Date 10-day rainfall (mm) 
UDOI 23 January 17.8 
UD21 24 January 33.6 
UD21 27 January 59.8 
UD29 24 January 33.6 
UD10 24 January 88.4 
UD10 | February 31.8 
UDIS 26 January 99.4 
UDI8 2 February 182.9 
UD28 ] February 33.3 
TABLE 2 
with a trend for less calling at lower temperatures. 
Date Soil (°C) Water (°C) 24-hour rainfall (mm) 
26 January 26.3 26.9 1.2 
27 January 26.4 27.0 l 
30 January 28.4 28.7 I 
31 January 28.6 27.0 1.2 
| February 28.6 30.2 I 
2 February 28.0 29.6 Lə 


Many individuals calling, actively raining 
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FIGURE3 A) Sandsheet heath habitat at Lambell's lagoon (UD1); B) Closeup of a debil-debil mound built from annelid 


worm tailings; C) Visited sites were classified as persistent or intermittent based on our observations; D) Male 
size differences between persistent and intermittent sites (photos Renee Catullo). 


between mid-December 2008 to late February 2009 
(Dostine et al. 2013), despite fluctuations in calling 
activity in other co-distributed species. 


Given our observation of high levels of variation 
in surface water flow across sites (Table 1), together 
with the fact that monsoonal rainstorms can be highly 
localised, reference sites for calling activity are unlikely 
to be useful in predicting calling activity at other sites; 
reference sites will be active. This was highlighted in 
our observations of sites UD21 and UD29, situated 
| km apart either side of the Stuart Hwy site. Site UD29 
is a well-known U. daviesae location with persistent 
surface flow from a large area of adjacent laterite, and 
we observed surface flow and calling activity during a 
relatively dry period (Table 1; Appendix). In contrast, 
site UD21 is relatively flat with no obvious adjacent 
laterite water source. Despite the close proximity to 
site UD29, U. daviesae were only recorded here after 
a period of higher rainfall resulted in surface flow 


(Table 1; Appendix). For U. daviesae call detection at 
intermittent sites, our observations show that 10-day 
cumulative rainfall totals of >50 to >100 mm may be 
required (Table 1; Appendix). Using nearby persistent 
sites as references sites may result In incorrect inferences 
of absence; we note that previous survey work has used 
UD028, one of our persistent sites, as a reference site 
(EcOz Environmental Consultants 2014). We stopped to 
listen as we drove past this site repeatedly and frogs were 
actively calling regardless of prior rainfall, even when 
other nearby populations were inactive. 


While surveying, we noticed a trend that males from 
intermittent sites (n = 18) appeared smaller than males 
from flowing sites (n = 81). This was confirmed by a two- 
sample t-test that identified a significantly smaller body 
size In intermittent sites (p = 0.005; mean intermittent 
22.0 mm [20-25] versus mean flowing 23.1 mm [19-26], 
equating to a 5% average difference In body size in 


intermittent sites (Figure 3D). 
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CONSERVATION 


Our observations made here that 1) sites differ in 
hydrology, and 2) there is a size difference between 
persistent and intermittent sites, suggests substantial 
site-level differences in habitat quality. Given these 
patterns, we propose that there are two possible 
landscape-level population processes for the species: 
source-sink dynamics or a metapopulation (Heard et 
al. 2012). The distinction between these is Important 
for management: a source-sink population has key 
stable populations that are critical to the persistence 
of the species In an area and to the maintenance of 
peripheral populations. Under this population dynamic, 
identification and protection of source populations 
would be vital. A metapopulation consists of a network 
of demographically independent populations connected 
by infrequent, distance-limited dispersal (Levins 
1969), characterised by extinction and colonisation 
of individual populations (Heard et al. 2012). Under 
a metapopulation dynamic, connectivity between 
habitats must be maintained to enable colonisation and 
reestablishment as habitat quality shifts. Appropriate 
management of U. daviesae would be aided by research 
into the population dynamics of the species. Until such 
information is known, it will be difficult to accurately 
assess the impact of habitat changes on the species. The 
population genetics study underway may also provide 
some resolution of U. daviesae population processes. 


The role of the debil-debil mounds in the system 
needs further investigation (Figure 2B). These mounds 
appear characteristic of healthy heath systems and are 
the main calling site for U. daviesae, and likely the 
primary daytime retreat sites for males. The mounds 
resemble earthworm tailings, and are quickly built up 
over existing vegetation. We dug up several mounds 
and sorted through the sand, finding large numbers of 
earthworms (RC and AS). These earthworms were two 
distinct morphologies (large and proportionally thicker 
versus small and proportionally thinner). We speculate 
that worms construct the mounds and it 1s possible this 
repeated turnover of soil contributes to the low level 
of vegetation characteristic of the heath. Confirmation 
of the mounds being built by annelid worms and 
an assessment of the taxonomy and distribution 
of the worms could provide insight on the factors 
underpinning U. daviesae habitat suitability. 


Effective conservation planning and species recovery 
for U. daviesae would benefit from research into their 
population ecology and landscape-scale population 
dynamics, the hydrology of sandsheet heath habitats 
and neighbouring laterite horizons, and the potential for 
sand mining rehabilitation, as well as targeted grassy 
weed management (Northern Territory Government 
2017; Threatened Species Scientific Committee 2021). 
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APPENDIX The following observations of variation in Uperoleia daviesae calling activity across sites with variable 
antecedent rainfall were recorded during targeted genetic sampling fieldwork in the Darwin rural area 


between 23 January and 2 December 2023: 


OBSERVATION 1 


On 23/01/2023 we surveyed a site for U. daviesae in 
the Lambell’s Lagoon area just south of the Arnhem 
Highway (UDOI; -12.60396°, 131.235679). Many (230) 
male U. daviesae were heard calling at this site and we 
observed surface water flow. The nearest active BOM 
weather station (Middle Point, station no. 14041, ~10 km 
north-east of the survey site) recorded 1.8 mm of rainfall 
in 24 hours to 9 am the following day (24/01/2023) and 
a 10-day cumulative total of 17.8 mm. The site was 
revisited multiple times (Table 1) to assess male call 
activity relative to temperature. 


OBSERVATION 2 


On 24/01/2023 we surveyed two known U. daviesae 
sites | km apart either side of the Stuart Hwy in the 
Noonamah area — Goode Road (UD29; -12.61345°, 
131.07710°) and Jenkins Road (UD21B, -12.613902°, 
131.0677317). The nearest active BOM weather station 
(Humpty Doo Collard Road, station no. 14226, ~4.5 km 
north of the surveys sites) recorded 6.8 mm of rainfall 
in 24 hours to 9 am on 25/01/2023 and a 10-day 
cumulative total of 33.6 mm. Numerous male U. 
daviesae were calling at the Goode Road site (with 
persistent flowing water). No individuals were calling at 
the Jenkins Road site nor in the intervening potentially 
suitable habitat between this site and the Stuart 
Highway, where there was water but only in pools. 
We returned to the Jenkins Road site on 27/01/2023 
after late afternoon storm activity (11.8 mm of rain 
in 24 hours to 28/01/2023 and a 10-day cumulative 
total of 59.8 mm) and recorded numerous (210) 
U. daviesae calling along a sandy vehicle track with a 
sheet of flowing water, and 1n adjacent sandsheet heath 
to the west. 


OBSERVATION 3 


On 24/01/2023 we surveyed a known site In the 
southern Weddell area (UDIO; -12.68561°, 131.03849?). 
The nearest active BOM weather station (Territory 
Wildlife Park, station no. 14264, ~6 km south-west 
of the site) recorded 13.8 mm of rainfall to 9am on 
25/01/2023 and a 10-day cumulative total of 88.4 mm. 
Approximately 15 male U. daviesae were recorded in a 
small area of sandsheet heath with surface flow during 
this survey. We returned to this site on 01/02/2023 and 
detected no calling U. daviesae. There was little or no 
surface flow at this time and the nearest weather station 
recorded 2 mm of rainfall to 9 am on 02/03/2023 and a 
10-day cumulative total of 31.8 mm. 


OBSERVATION 4 


On 26/01/2023 we surveyed a known U. daviesae 
site in the Howard Springs area near the Gunn Point 
Road crossing of the Howard River (UD18; -12.46507°, 
131.08033°). No U. daviesae were detected at this site, 
despite an abundance of surface water in the general 
area. The nearest active BOM weather station (Howard 
Springs Nature Park, station no. 14149, ~3 km west 
of the site) recorded 47.0? mm of rainfall to 9 am on 
27/01/2023 and a 10-day cumulative total of 99.4 mm. 
We returned to this site during and after widespread 
storm activity on 02/02/2023 and found approximately 
10 U. daviesae calling. Surface flow was observed at this 
time and the nearest weather station recorded 30.6 mm 
of rainfall to 9 am on 27/01/2023 and a cumulative total 
of 182.9 mm across the previous 10 days. 


OBSERVATION 5 


On 1/02/2023 we surveyed a site on Hopewell Road in 
the Berry Springs area (UD28; -12.71104°, 131.01004°) 
where U. daviesae was previously recorded in January 
2019 (Atlas of Living Australia). The nearest active 
BOM weather station (Territory Wildlife Park, station 
no. 14264, ~2 km west of the site) recorded 2 mm of 
rainfall to 9 am on 02/03/2023 and a 10-day cumulative 
total of 33.3 mm. A single male was detected calling 
intermittently at this site and no other U. daviesae were 
detected 1n a wider search of this Crown Land block. 
Most of the potentially suitable habitat had no surface 
water and there was no observed surface water flow. 


OBSERVATION 6 


Prior surveys identified a site on the southern 
end of Redcliffe Road in the Noonamah area 
as having U. daviesae. This area was revisited 
on multiple occasions following a variety of rainfall. 
On all occasions U. daviease males were active at a 
nearby persistent flow site (UD29, ~2.5 km away), 
regardless of rainfall. On 02/02/2023 following 
extensive rain, two intermittent sites on Horsnell 
Road (~1.5 km away) had active choruses. During 
an exploration of this location on the date of positive 
Horsnell Road activity, we observed water flowing as 
a creek, and tall (~2 m) and thick grass across the site. 
No U. daviesae were detected. 
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Two new species of the bee genus Le/oproctus 
(Hymenoptera: Colletidae) that forage from 
flowers of bloodroot (genus Haemodorum) 
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ABSTRACT - Iwo new species of Levoproctus (L. aureofimbriatus trom eastern New South Wales and 
L. haemodori from south-western Australia) are described. Both species have been found only when 
visiting Haemodorum species that have dull brown to black flowers that do not open. The bee species 
are closely related to each other, but their relationship with other Leioproctus species is unclear. 
Both have morphological features that would assist in foraging from the flowers, males have similar 
terminalia and antennae with the apical segment flattened and expanded. This last feature occurs 
also in the distantly related species Leioproctus (Ceratocolletes) antennatus resulting in occasional 
misidentifications. 


We have not created a new subgenus for these species because of difficulties with separating 
phylogenetically significant features from adaptive or adventitious ones. The mutualistic association 
between the bees and flowers has some novel characteristics and warrants further study. 


KEYWORDS: floral attraction, oligolecty, mutualism 


urn:Isid:zoobank.org:pub:371DBAS9F-0DB9-4E25-A68A-B253D9FS8BE58 


INTRODUCTION 

The plant genus Haemodorum Smith, 1798, 1s 
comprised of 29 known species, all but one of which 
are endemic to Australia, the exception occurring in 
Papua New Guinea (Macfarlane 1987; Barrett et al. 
2015). The majority of species have dull brown to black 
flowers and the sepals and petals do not spread (Figures 
1-3). The only known regular visitors to southern 
Australian species are two undescribed species of bees 
that force their way into the flowers to obtain nectar 
and/or pollen. 


Images of the bees have appeared periodically on 
the internet, always in association with Haemodorum 
flowers. Males have been photographed on flowers in 
early morning, presumably after roosting overnight 
(Figure 2) and females have been reported foraging 
efficiently (J. Whitehead, pers. comm.). Other images 
demonstrate that the flowers provide both pollen and 
nectar (Figure 3). To date, neither species has been 
found visiting flowers other than Haemodorum and 
some of their morphological characteristics are likely 
to be adaptations for foraging. 


The absence of visual signals typically used by flowers 
to attact insects makes these interactions between bees 
and Haemodorum particularly interesting. The flowers 
are unlikely to be self-pollinating because they produce 
both pollen and nectar (Simpson 1990, 1993) and at 
anthesis the stigma is produced well above the anthers 
(Figure 1). Yet the dull colours and closed flowers 
greatly restrict the number of potential pollinators. 


The bees are assigned to the genus Leioproctus but 
their relationship to other species In the genus Is not 
immediately obvious. Males have antennal modifications 
resembling those of the subgenus Ceratocolletes and, 
as a result, have been confused with that taxon, but are 
otherwise quite distinct. 


MATERIALS AND METHODS 


In addition to specimens 1n the Australian Museum and 
the Western Australian Museum, we have viewed several 
sets of images of the bees on the image hosting web-site 
Flickr. The locations where these images were captured 
are plotted, together with collection localities of museum 
specimens, In our distribution maps. 
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FIGURE 1 Inflorescence of Haemodorum  planifolium FIGURE2 Leioproctus aureofimbriatus sp. nov.: five dew- 
showing flower heads setting seeds and covered males that have apparently roosted 
clusters of immature buds (arrowed). Inset together overnight on flowers of Haemodorum 
shows interior of flower at anthesis. planifolium (photo J. Whitehead). 


FIGURE3 Leioproctus haemodori sp. nov. on flowers of Haemodorum: A) male, in alert position on flowers; B) male, 
working to open a flower; C) female, collecting pollen from anthers; D) female, probing deeply for nectar 
(photos: A-B Kerry Stuart; C-D Kate Brown). 
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The morphological terminology used herein follows 
that used by Michener (2007) and Harris (1979), 
including interchangeable use of the words hair and seta. 
Abbreviations used for measurements are as follows: ASD 
antennal socket diameter; AOD antennocular distance; 
FL flagellum length; HL head length; HW head width; 
TAD interantennal distance; LFW lower face width; MOD 
diameter of median ocellus; SL scape length; SW scape 
width; UFW upper face width (maximum width of face 
above antennae). Metasomal terga are referred to as T1, 
12 etc. and sterna as SI, S2 etc. 


The following acronyms have been used in this paper: 


AMS Australian Museum 
(Sydney, New South Wales) 


ANIC Australian National [Insect Collection, 
CSIRO (Canberra, ACT) 
WAM Western Australian Museum 


(Perth, Western Australia) 


SYSTEMATICS 


Family Colletidae Lepeletier, 1841 
Subfamily Neopasiphaeinae Cockerell, 1930 


REMARKS 


We use the definition of the subfamily Neopasiphaeinae 
as circumscribed by Almeida et al. (2012). 


Genus Leioproctus Smith, 1853 


Leioproctus (Leioproctus) aureofimbriatus 
Batley, sp. nov. 


Figures 2, 4-13 


urn:Isid:zoobank.org:act:C9752C47-0E72-43C8-978D- 
6C5B9A54A1ED 


MATERIAL EXAMINED 


Holotype 


Australia: New South Wales: €, Gibraltar Range 
NP, 29.5345°S, 152.2659°E, 13 December 2021, J. 
Whitehead (AMS K.593175). 


Paratypes 


Australia: New South Wales: 1 6, Heathcote, 
18 November 1970, D.K. McAlpine (AMS K.182777); 
1 £, Patonga, 24 November 1946 (AMS K.182778); 1 3 
Bilpin, 5 December 1985, N.W. Rodd (AMS K.182779); 
1 9, Gibraltar Range NP, 29.5345°S, 152.2659°E, 13 
December 2021, J. Whitehead (AMS K.593176); 1 9, 
Yoogali Lookout, 33.7430°S, 150.6358°E, 25 November 
2022, M. Batley (ANIC); 1 S, Marramarra NP, 
33.5631°S, 151.0692°E, 13 December 2022, M. Batley 
(AMS K.396004); 1 3, 1 9 4 km SW Mount Wilson, 
33.5409°S, 150.3430°E, 24 December 2022, M. Batley 
(AMS K.396006, K.396007); 1 9, Lithgow, 33.4859°S, 
150.1906°E, 9 January 2023, M. Batley (AMS K.396013). 


Queensland: 1 3, Ballandean, 28.7942°S, 151.8616°E, 
3 December 2007, M. Newman (AMS K.395998). 


DIAGNOSIS 


Distinguishable from all other Leioproctus, except 
L. haemodori, 1n combining the following character 
states: clypeus and supraclypeal area of both sexes 
flat; facial foveae very broadly impressed, particularly 
in female, less so In male; propodeal triangle smooth, 
shining; fore wing with three submarginal cells; mid 
tibia of both sexes lacking spur; hind tibia of male 
with spurs reduced; flagellum of male slender and 
mostly yellow-brown but apical flagellomere black, 
expanded into rounded disc; T4-T6 of male clothed 
in short, highly branched, white setae. Differs from 
L. haemodori in the following combination of 
characters: female with prepygidial fimbria grey-brown 
not black; facial fovea strongly impressed; scutum 
flattened anteromedially; male hind leg unmodified. 


DESCRIPTION 


Male (Holotype) 


Head width 3.6 mm; body length c. 10.8 mm (slightly 
contracted, another specimen same head width was 
11.2 mm long). Relative dimensions: HW 100; HL 74; 
UFW 66; LEW 56; IAD 20; ASD 6; AOD 14; SL 30; 
SW T; FL 76. 


Head wider than long; vertex gently convex 
in anterior view (Figure 4A); inner orbits gently 
converging ventrally; clypeus flat and supraclypeal 
area slightly concave; facial fovea broad, weakly 
impressed; gena about half as wide as eye viewed 
laterally; malar space absent; scapes exceeding 
median ocellus; flagella much shorter than head 
width; flagellomeres 3-9 almost cylindrical, apical 
flagellomere produced into a posterior flange 
(Figure 4B); mandible short and broad; scutum with 
strongly 1mpressed medial and parapsidal lines; 
metanotum about half as long as scutellum with no 
evidence of a tubercle; short subhorizontal part of 
propodeal triangle rounding smoothly onto longer 
vertical part; hind basitibial plate 0.2 x length of tibia, 
with strong marginal carina on apical half only; fore 
tibial calcar with a greatly reduced apical spine; mid 
tibial spur absent and hind tibia with only one short 
spur (absent in northern specimens); claws of fore and 
mid tarsi cleft, that of hind tarsus with strong inner 
prong much closer to base than 1n other claws (Figure 
SA-B); second submarginal cell of forewing (Figure 8) 
receiving first recurrent vein near distal end, marginal 
cell curves away from costa well before apex, stigma 
yellow brown, narrow, 0.6 times as long as costal 
margin of marginal cell, jugal lobe of hind wing just 
reaches cu-v; fore and mid tarsi about half as long as 
hind tarsus; marginal areas of metasomal terga broad, 
depressed, postgradular area of T2 weakly depressed. 


Colouration: Integument black, except apical 
margins of metasomal terga T4—T7 brown; flagellum 
orange-brown, except expanded apical segment black; 
fore and mid tarsi brown to orange-brown; wings with 
infuscation near apices (Figure 8). 


38 MICHAEL BATLEY AND TERRY F. HOUSTON 


j öl, ' ` 

£ .” | e » £* 4 á A; ı 

| WW "ə N de 

Noc WO WE LI 
"ws Ta " ə” I 

hh "İMLA " 


| < di li. ə. 
v. CMM fe ar” 


"E 


" 


- 
-* 


FIGURE4 Leioproctus aureofimbriatus sp. nov. male: A) front view of head; B) dorsal view of head and thorax showing 
expanded segment of flagellum (AMS K.593175). 


FIGURE5 Leioproctus aureofimbriatus sp. nov., tarsal claws: A) male, fore leg; B) male, hind leg; C) female, fore leg; 
D) female, hind leg. Scale = 100 y, all figures to same scale. 
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FIGURE6 Leioproctus aureofimbriatus sp. nov. male metasoma (part): A) posterodorsal view of terga showing short, 
white, highly branched setae; B) posteroventral view showing fringe on 55. 


HEURE 7 Leioproctus aureofimbriatus sp. nov. male terminalia: A) genital capsule ventral view; B) S7 ventral view; 
C) 58, ventral view. Scale = 0.5 mm, all figures to same scale. 
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FIGURE8 Leioproctus aureofimbriatus sp. nov. FIGURE9 Leioproctus aureofimbriatus sp. nov. 
male wings, scale = 1 mm. female frons, showing impressed fovea. 
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Sculpture: Surface polished, though very weak 
imbrication is present in some areas. Pitting of clypeus 
moderately large, dense, pits occasionally contiguous; 
supraclypeal area not pitted; pitting of paraocular 
areas and frons similar to that of clypeus; scutum and 
scutellum have strong, mid-sized pitting with interspaces 
roughly equal to pit diameter; propodeal triangle 
highly polished with weak, very fine transverse rugae; 
metasomal terga with strong, small pitting, interspaces 
about half pit diameter; metasomal sterna have sparse, 
weak, small pitting. 


FIGURE 10 Leioproctus aureofimbriatus sp. nov. female FIGURE 11 Leioproctus aureofimbriatus sp. nov. 
inner hind tibial spur. female head, front view. 


FIGURE 12 Leioproctus aureofimbriatus sp. nov. female, dorsal view showing metasomal hair bands and flattened 
scutum, scale = 2 mm. 
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Pubescence: Facial hair white, plumose, length 2 x 
MOD, dense in lower paraocular areas and on lower 
frons, open to sparse on clypeus; ventral margin of 
mandible with subapical plume of white hair ~3 x 
MOD; vertex with erect, pale brown, weakly plumose 
hair 2 x MOD; genae with open, white, plumose hair 
~2 x MOD; hair on scutum, scutellum and metanotum 
golden brown, plumose, erect 1.5 x MOD, longer on 
anterior part of scutum, on scutellum and metanotum; 
hair on sides of mesosoma paler becoming white 
ventrally 3 x MOD. All basitarsi with moderately long 
fringes of gold hair on both anterior and posterior 
margins. Metasoma with sparse hair except TI and T2 
with erect, open, weakly plumose, off-white hair 1 x 
MOD and T4-T6 with similar dark brown hair openly 
interspersed with very short, branched, stiffly erect, 
white setae (Figure 6A); S5 with a dense, gold fringe 
2 x MOD laterally, 1 x MOD medially (Figure 6B). 


Terminalia: See Figure 7. When retracted posterior 
head of S8 fits snugly 1nto cup formed by the rear end 
of gonoforceps. 


Female (AMS K.593176) 


Head width 3.8 mm; body length c. 12.5 mm. (slightly 
distended). Relative dimensions: HW 100; HL 72; UFW 
66; LFW 57; IAD 18; ASD 6; AOD 16; SL 30; SW 6; 
FL 50. 


As for male except facial fovea strongly impressed 
(Figure 9), infuscations of wings weak, flagellum not 
modified, and hind basitibial plate convex, without 
a peripheral carina, densely covered with adpressed 
dark setae. Width of mandible near apex, including 
preapical tooth, almost as great as basal width of 
mandible. All claws with a strong basal inner tooth 
(Figure 5C-D). Pygidial plate acarinate, with rounded 
apex and a broad, smoothly convex medial elevation. 
Inner hind tibial spur yellow-brown with a strongly 
curved apex and 8-10 oblique, closely-spaced teeth 
about as long as width of shaft (Figure 10), outer spur 
slender, noticeably shorter than inner spur. 


Colouration: Integument black, except mandible 
dark red apically preceded by an area of amber colour, 
flagellum ventrally orange-brown, tegula, all tarsi and 
parts of tibiae dark brown, wings with only faintly 
infuscated areas. 


Sculpture: As for male. 


Pubescence: As for male but facial hair less dense 
(Figure 11), hair on clypeus simple, pale brown, scutal 
hair dark brown. Hair of hind tibial scopa close, 
plumose, anterior margin golden brown becoming dark 
brown on posterior half, hind femoral scopa plumose, 
mostly golden brown. Metasomal terga T2-T4 with 
white apical hair bands, interrupted medially on T2-T3 
(Figure 12); prepygidial fimbria grey-brown; metasomal 
sterna S2—S5 with close, white, apical fringes, apical 
half of S6 with adpressed, pale brown, plumose hair. 


Variation: The length of the expanded apical 
flagellomere of males 1s greater than the length of the 
two preceding flagellomeres combined for the two male 


FIGURE 13 Known distribution of Leioproctus 
aureofimbriatus sp. nov. in eastern Australia 
(circles). 


specimens from northern New South Wales, while 
its 1s slightly less than the length of the preceding 
flagellomeres 1n specimens from the Sydney region. 
The northern specimens also lack hind tibial spurs, 
while males from further south have a small residual 
spur. No difference could be detected 1n the terminalia 
or any other feature of males from the two areas. 


The dorsum of the male flagellum is sometimes 
infuscated or uniformly brown. 


DISTRIBUTION 


Eastern coast and ranges of New South Wales from 
the Sydney region to the Queensland border (Figure 13). 


Floral records 


This species has been collected only from flowers of 
Haemodorum planifolium. There were no flower visiting 
records associated with AMS K.182777—182779. 


ETYMOLOGY 


The specific epithet 1s a Latin adjective meaning 
with a golden fringe, referring to fringes on the fore 
basitarsus and S5 of the male. 


Leioproctus (Leioproctus) haemodori 
Houston, sp. nov. 


Figures 3, 14-22 


urn:Isid:zoobank.org:act:C5677EC8-EA73-41B5-8B71- 
4EO09DCEOB504 


MATERIAL EXAMINED 


Holotype 


Australia: Western Australia: ^, Greenmount National 
Park, Padbury Road, Darlington, 31°54'33"S, 116°3'43"E, 
13 November 2016, T.F. Houston 1499-3 and J. and F. 
Hort, on flowers of Haemodorum (WAM E114807). 
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Paratypes 


Australia: Western Australia: 1 6, 2 9, 9 km NNE 
of Eurardy HS on NW Coastal Hwy, 27°30'S, 114°43'E, 
25 October 1996, T.F. Houston 915-13, on flowers of 
Haemodorum venosum (WAM E8453—8455); 1 ©, Flynn 
Drive, Neerabup, 30 km N of Perth, 11 November 1995, 
T.F. Houston (WAM E8456); 3 £, 3 9, Vermin Fence, 
6 km S of Great Eastern Highway, Koorarawalyee, 
31°19'30"S, 120°00'34"E, 21 October 2012, T.F. Houston 
1405-10, on flowers of Haemodorum (discolor?) (WAM 
E114801—-114806); Gooseberry Hill National Park, 
19 km E of Perth, T.F. Houston 664-1, 804-2, 807-1, 
810-3 and 814-2, on flowers of Haemodorum simulans: 
1 9, 7 November 1987 (WAM E8447); 3, 26 November 
1992 (WAM E8448); 2 6, 4 December 1992 (WAM 
E8449—50); 1 £, 13 December 1992 (WAM E8451); 1 
3, 22 December 1992 (WAM E8452); 26, Midland, 
A.M. Douglas (WAM E8457-8458); 1 3, Dundas Road, 
[Kewdale], 31°58'43"S, 115?59'16"E, L. Lach, Acc 
# 0275, Sample 10.207 (WAM E114808); 0.5 km E of 
Forrestdale Lake, 25 km SSE of Perth, T.F. Houston 662- 
7 and 663-1, on flowers of Haemodorum spicatum: 1 d, 
28 October 1987 (WAM E8442); 1 3,3 9, 6 November 
1987 (WAM E8443—8446). 


DIAGNOSIS 


Shares most of the diagnostic character states of 
L. aureofimbriatus except as follows: scutum not 
flattened anteromedially; female lacking hair bands 
and with prepygidial fimbria black; facial foveae only 
weakly impressed; hind leg of male modified (trochanter 
with stout ventral spine, tibia distinctly bent mesad). 


DESCRIPTION 


Male (Holotype) 


Head width 3.62 mm; body length c. 10.3 mm. Relative 
dimensions: HW 100; HL 74; UFW 64; LFW 54; TAD 17; 
ASD 8; AOD 13; SL 33; SW 6; FL c. 65. 


Body form moderately robust; head broader than long; 
vertex gently convex In anterior view and distinctly higher 
than ocelli (Figure 14A); inner orbits gently converging 
ventrally; lower face (including supraclypeal area and 
clypeus) flattened; facial foveae slightly defined apically 
by a weak edge; gena about half as wide as eye viewed 
laterally; malar space absent; scapes long and slender, 
exceeding median ocellus; flagella much shorter than head 
width; flagellomeres 3—9 cylindrical, apical flagellomere 
produced into a flange posteriorly (Figure 14B); 
metanotum ordinary, lacking a protuberance; propodeum 
with short, gently sloping basal surface rounding onto 
longer vertical surface; propodeal pit broadly V-shaped; 
metasomal terga gently convex with distinct post-gradular 
grooves and weakly defined hind margins; fore tibial 
calcar lacking a prominent apical spine (Figure 16C); 
mid tibia lacking apical spur; hind trochanters each 
produced posteriorly into a stout spine (Figure 16A); hind 
femur swollen; hind tibia bent mesad (Figure 16B), outer 
convex surface coarsely wrinkled, apical spurs vestigial; 
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all basitarsi flattened, more or less straight and at least as 
long as rest of tarsus; tarsal claws bifid (Figure 18A—B); 
arolia present. 


Colouration: Integument black except as follows: 
flagellomeres 2-10 pale yellow-brown; metasomal 14—T6 
brown; wings hyaline except for some patches of light 
infuscation apically (Figure 15). 


— 


A 


FIGURE 14 Leioproctus haemodori sp. nov. male: 
A) head, anterior view, scale = 1 mm; 
B) antenna, dorsal view, scale = 0.5 mm. 


FIGURE 15 Leioproctus haemodori sp. nov. male wings, 
scale = 1 mm. 
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FIGURE 16 Leioproctus haemodori sp. nov. leg features: A) bases of hind legs of male, dorsal view, showing stout spine 
on each trochanter, scale = 1 mm; B) middle section of hind leg of male (posterior view) showing bent tibia, 
scale = 1 mm; C-D) antenna cleaners of male and female, respectively, scale = 0.1 mm. 
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FIGURE 17 Leioproctus haemodori sp. nov. male: A) metasoma, lateral view, showing much denser pubescence of T4-T6 
compared with that of 11-13, scale = 1 mm; B) apex of metasoma, ventral view, showing dense, medially 
emarginate fringe of $5 (arrowed), scale = 0.5 mm. 
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FIGURE18 Leioproctus haemodori sp. nov. tarsal claws: A) male, fore; B) male, hind; C) female, fore; D) female, hind. 
Scale bar = 0.1 mm, all to same scale. 


FIGURE 19 Leioproctus haemodori sp. nov. male terminalia: A) genital capsule, ventral view; B) S7, dorsal view; C) S8, 
dorsal view. Scale 2 0.5 mm, all to same scale. 
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Sculpture: Integument of face and mesosoma generally 
shining with minute to medium sized pitting, coarsest 
on clypeus, finest and densest on vertex; supraclypeal 
area not pitted medially; propodeal triangle smooth 
and lacking sculpture except for a few carinae at lateral 
extremities; metasomal terga dulled by close, fine pitting. 


Pubescence: Generally sparse and not obscuring 
integument; long, white, plumose setae cover much of 
face (but sparser and less plumose on lower medial area), 
genae, mesosoma ventrally and laterally and basal parts 
of legs; dorsal areas of head and mesothorax with erect, 
light brown, plumose setae; TI and T2 with erect, short, 
white setae; T3 with similar but brown setae; 14—T6 with 
mixture of erect, weakly plumose, brown setae and short, 
white, highly branched setae (Figure 17A); sterna largely 
bare but with erect, sparse, simple setae more apically; S5 
with dense, beige, apical fringe that 1s broadly emarginate 
medially (Figure 17B). 


Terminalia: See Figure 19. 


Female (WAM E8444) 
Head width 3.7 mm; body length c. 10.5 mm. Relative 
FIGURE 20 Leioproctus haemodori sp. nov. female dimensions: HW 100; HL 73; UF W 66; LFW 55; IAD 16; 
head, anterior view, scale = 1 mm. ASD ë: AOD 16; SL 30; SW 5; FL 45. 


FIGURE 21 Leioproctus haemodori sp. nov. female: A) labrum, scale = 0.25 mm; B) hind tibia and tarsus (lateral view), 
scale = 0.5 mm; C) apex of hind femur (f) and base of hind tibia showing hair-covered basitibial plate (bp) that 
tapers to apex (arrowed), scale = 1 mm; D) apex of metasoma (posterior view) showing medially convex 
pygidial plate, scale = 0.5 mm. 
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FIGURE 22 = Known distribution of Leioproctus haemodori 
Sp. nov. In south-western Australia: 
circles = specimen records (VVAM): 


triangles = photographic records. 


Generally similar to male, except as follows: facial 
foveae moderately impressed, quadrate; flagella 
unmodified (Figure 20); labrum (Figure 21A) about a 
quarter as long as wide, elevated basal zone smooth, 
lacking tubercle and carina, ventral margin transverse, 
reflexed to extremely short setose apical flange; basitibial 
plate completely defined by carina, acute apically, 
obscured by adpressed short setae (Figure 21C); hind 
basitarsus laterally compressed, one third as high as long 
(Figure 21B); inner hind tibial spur finely pectinate as in 
L. aureofimbriatus; pygidial plate (Figure 21D) smooth, 
convex medially and tapering to rounded apex; tarsal 
claws with teeth diverging more widely than in male 
(Figure I8C-D). 

Colouration: As in male, except as follows: wings 
completely hyaline, lacking infuscation. 


Sculpture: As in male, but clypeus with coarse open 
pitting. 

Pubescence: Much as in male, except as follows: 
14—16 lacking tomentum, like T2 and T3, mostly 
covered with short, simple, brown to black, recumbent 
setae; hind leg with scopa developed on trochanter, 
anterior surface of femur, outer surface of tibia and 
basitarsus (basally only) and consisting of long, dense, 
highly divided setae, those of tibia grading from light 
brown ventrally to dark brown dorsally (Figure 21B); 
pygidial and prepygidial fimbriae well-developed, 
composed of dense, dark brown to black, plumose setae 
(Figure 21D). 


DISTRIBUTION 


South-western Australia north as far as Kalbarri, south 
to Albany and east to Boorabbin (Figure 22). 


Floral records 


This species has been collected only from flowers 
of Haemodorum, including the species H. discolor, 
H. laxum, H. simulans, H. spicatum and H. venosum. 
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Photographic records 


Junction of Brand Hwy and Marchagee Track, 
30.2297°S, 115.4269°E, October 2015, on flowers of 
H. spicatum, Mark Brundrett; Downs Road Nature 
Reserve, 34.95°S, 117.76”E, c. 14 km WNW of Albany, 
on flowers of H. spicatum, Kate Brown; Gull Rock 
National Park, 35.004°S, 118.018°E, just E of Albany, on 
flowers of H. spicatum, Kate Brown. 


ETYMOLOGY 


The specific epithet Is in the genitive singular and 
alludes to the close association of the bee with the plant 
genus Haemodorum. 


BEHAVIOURAL OBSERVATIONS 


Males of L. haemodori were collected by TH either 
while flying about the forage flowers or perched on them. 
Males frequently remained stationary for several minutes, 
sitting In an alert pose (Figure 3A). On one occasion, TH 
observed a cluster of flowers of H. simulans, receiving 
persistent attention from one male (or possibly two 
or more males arriving at different times). Every few 
minutes, a male would fly up to the flower cluster, hover 
while facing it, alight for some time, then depart. A week 
later, at the same plant, similar behaviour was observed. 
However, as well as perching on the flowers, the male 
occasionally landed on and ran down the flower stem for 
20-30 cm before flying off. One male was netted and, 
after 1.5 hrs, was replaced by another. 


Males of L. aureofimbriatus were seen only 
occasionally as they paused their flight very briefly near 
flowers, but females were observed foraging by MB at 
four sites during the summer of 2022-23. They were 
tolerant of the human observer and continued to push 
into flowers methodically. At all four sites there were 
periods of 30—60 minutes when no bees could be seen 
interspersed with periods of systematic foraging by one or 
two females. 


Adding to our personal observations, some extra 
information on behaviour of the bees has been gleaned 
from photographs taken by others: evidently, males of 
at least L. aureofimbriatus roost overnight 1n groups on 
flowers of Haemodorum (Figure 2); males as well as 
females prise open flowers to take nectar and/or pollen 
(Figure 3B-D); both sexes of L. haemodori, have been 
photographed (by K. Brown) regurgitating crop contents 
onto their mouthparts (presumably thickening nectar) 
while perched on flowers of Haemodorum. 


Finally, samples of pollen taken from the heavily laden 
scopae of three females of L. haemodori from widely 
separated localities were uniformly of one morphotype 
matching the illustration of a pollen grain of H. spicatum 
provided by Simpson (1990, Figure 77). 


DISCUSSION 


The two species described herein, particularly their 
males, bear a striking resemblance to Leioproctus 
(Ceratocolletes) antennatus (Smith, 1879). Indeed, 
Michener (1965) incorrectly associated the male of 
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L. haemodori with the female of L. (C.) andreniformis 
(Cockerell, 1915) when establishing the subgenus 
Ceratocolletes and included the leg modifications 
of the male in his description of the subgenus. 
Maynard (1993), In revising the subgenus, synonymised 
L. andreniformis with L. antennatus and noted 
Michener's error. A male specimen of L. haemodori 1n 
the WAM bears one of Michener’s identification labels 
on which he had written 'Leioproctus andrenoides 
Ckll male?’ As the specific epithet ‘andrenoides’ was 
not listed in Michener's 1965 treatise, it was almost 
certainly an error for L. andreniformis. Failing to heed 
Maynard’s correction, Michener (2000, 2007) continued 
to include strong modifications of the hind legs of males 
as characteristics of Ceratocolletes. 


Despite the general resemblance of our two new 
Species to members of subgenus Ceratocolletes, we 
are confident that they do not belong to that taxon, 
primarily because the male S7 has a single pair of apical 
lobes while that of Ceratocolletes males has four. Other 
distinguishing features are as follows (corresponding 
features of Ceratocolletes 1n parentheses): clypeus flat 
(raised medially); metasomal terga not depressed behind 
post-gradular grooves and with weakly depressed hind 
margins (terga transversely furrowed behind graduli; 
with strongly depressed hind margins); fore coxae 
unmodified (with medial processes); inner hind tibial 
spur of female finely pectinate (coarsely pectinate). 
Additionally, the two known species of Ceratocolletes 
specialise In flowers of Fabaceae (Maynard 1993; 
Houston 2000), not Haemodorum. 


In Western Australia there are three unnamed 
species of Leioproctus that are monolectic on flowers 
of Conostylis, another genus of Haemodoraceae, but 
one in which the flowers are largely bright yellow and 
open widely. These Leioproctus species are smaller 
in size and do not possess any morphological features 
that would suggest they are close relatives of the 
Haemodorum bees. 


We are not able to name the nearest known relatives 
of the Haemodorum bees. Several of the distinctive 
features of the new species, like the flat clypeus, 
may well be associated with the bees’ preference for 
Haemodorum flowers, while the expanded apical 
segment of the male flagellum 1s a feature that appears 
randomly in several bee genera. Other features like 
strong pitting with polished interspaces, impressed 
facial fovea of females, almost vertical propodeal 
triangle and a narrow, parallel-sided pterostigma are 
shared by several subgenera including Charicolletes, 
Goniocolletes, Odontocolletes and Protomorpha, but 
each of those groups have distinctive male terminalia 
and all except Goniocolletes have a distinct metanotal 
tubercle. 


The current estimation is that radiation of 
Haemodorum species began c. 15 mya (Hopper et 
al. 2009) and that non-opening species were present 
10 mya, so the relationship with bees was presumably 
established by then. The subgenera Protomorpha and 


Goniocolletes are believed to have diverged less than 
20 mya (Almeida et al. 2019), yet the morphological 
links between them or to their nearest relatives are not 
obvious, so it 1s unsurprising that the ancestors of the 
Haemodorum bees are not clear. 


We have chosen to assign the two new species to 
the nominate subgenus Leioproctus. While their floral 
preference might eventually prove to be the basis for 
subgeneric grouping, it is preferable to avoid the creation 
of new (sub)generic names until the complex phylogeny 
of Leioproctus (Almeida and Danforth 2009) 1s clarified, 
especially when close relatives cannot be identified. 


The species of Haemodorum are unusually 
distributed, occurring in both south-western and 
south-eastern Australia (except South Australia and 
Victoria) and northern Australia. Furthermore only 7 
of 29 known species have anthers that are exserted at 
maturity, so the majority strongly restrict the variety 
of potential pollinators. The currently known ranges of 
L. haemodori and L. aureofimbriatus (Figures 13 
and 22) correspond broadly to the distribution of 
Haemodorum species in south-western and south- 
eastern Australia (Macfarlane 1987; AVH 2023) and 
L. haemodori has been found to visit more than one 
species within its range. No northern Australian bees 
are known to be Haemodorum specialists. The most 
abundant bloodroot species In the region, H. coccineum 
R.Br., has bright red flowers with exserted anthers at 
maturity and they are visited by a variety of nectar- 
seeking insects including bees, wasps and butterflies 
(S. Hopper pers. comm. 2022). 


Observations of L. aureofimbriatus at four sites 
indicate that flowering of Haemodorum planifolium 1s 
not restricted to the immediate post-fire period. Two 
of the sites were burnt in wildfires 1n December 2019 
and two were subjected to hazard reduction burning In 
September and October 2021 followed by observations 
in the summer of 2022-23. Bees were present at all four 
sites. The bee population was relatively small, with only 
a few females observed at any one time. There were 
extended periods where none were seen, presumably 
because females were depositing pollen into the nests. 


small bee numbers, together with an extended 
flowering period, with each plant bearing clusters of 
flowers of different ages (Figure 1), may be important 
contributors to the viability of the interaction between 
the plant and its pollinator. Although flowering of 
Haemodorum species 1s reported to be stimulated by 
fire (Baird 1977; Lamont and Downes 2011), these 
observations demonstrate that the number of flowers of 
Haemodorum planifolium present 1n the third year after 
fire were sufficient to support bee populations. 


No two mutualistic interactions are exactly the same 
(Dufay and Anstett 2003; Cook and Rasplus 2003). 
While details of the interaction between Haemodorum 
bees and their host flowers remain to be explored, 
it appears that it will have some interesting features. 
From what is presently known, it 1s possible that the 
flowers have evolved a set of characteristics resulting 
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in a high degree of pollinator fidelity through exclusion 
of other visitors. Other plant groups limit visitors, but 
not to the extent shown by Haemodorum. Flowers of 
Persoonia Sm. have stiff tepals that bees must force 
apart limiting the number of visiting species, but their 
colour means they still attract bees of many species 
(Batley 2019). Dull brown and green flowers frequently 
use odour to attract pollinators, so the colour probably 
reduces visits by insects not attracted to the scent. 


The combination of a physical barrier and cryptic 
colour in Haemodorum species seems to have been very 
effective at selecting pollinators. It remains possible 
that other bees visit these flowers, but none has been 
seen so far. Apis mellifera was observed inspecting 
Haemodorum planifolium (pers. obs. MB) but appeared 
to be unable to enter the flowers. The only other visitors 
observed were bombyliid flies, Australiphthiria hilaris 
(Walker, 1852), that perched on or near the flower heads. 


The extended flowering period of Haemodorum may 
also be a significant factor 1n the mutualism. Individual 
plants have pannicles that reach maturity sequentially 
over quite a long period. With limited. competition, 
the bees would be able to forage continuously from 
moderately small plant populations. 


The mutualistic 1nteractions that have attracted most 
attention are those that allow exploration of 1deas about 
coevolution (Dufay and Anstett 2003; Cook and Rasplus 
2003). This 1s not one of those cases, as L. haemodori 
has been found visiting four different Haemodorum 
species. While this could result 1n hybridisation, we have 
no evidence about the frequency of such events. 
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ABSTRACT - Odontasteridae (Asteroidea) are important members of Antarctic faunas. Less well- 


known are odontasterid species present outside of high-latitudes, which occur primarily in the deep- 


sea. Multiple new odontasterids were identified from deep-sea settings In Australian waters, including 


a new genus and species, Marshastra loisetteae gen. nov. sp. nov., from the shelf off Western 


Australia, and Hoplaster oloughlini sp. nov. from Tasmania and the south Pacific region. A phylogeny 


of Hoplaster suggests diversification from a Southern Hemisphere setting into the Atlantic and 


northward as well as across lasmanian seamounts, indicating diversification into deep-sea habitats 


from shallower waters. 
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INTRODUCTION 


Exploration of deep-sea settings and documentation 
of the biodiversity around Australia are in their infancy, 
despite extensive sampling efforts in recent years 
(e.g. McEnnulty et al. 2011, MacIntosh et al. 2018, 
O'Hara et al. 2020). Accounts of Australian marine 
species estimate that nearly 250,000 marine species 
remain to be discovered (Butler et al. 2010). Preliminary 
faunal reports of these sampling efforts, such as that 
of O'Hara et al. (2020) who documented results from 
a survey of bathyal and abyssal metazoan fauna of 
eastern Australia suggest that up to 58% of the collected 
material was undescribed. 


Odontasterids are best known as components of high- 
latitude, Southern Hemisphere faunas, especially in 
Antarctic and sub-Antarctic waters, having significant 
roles in community structure as predators on sessile 
and other benthic faunas such as sponges (e.g. Paine 
1966, 1969; Dayton et al. 1970, 1974; Dearborn 1977) 1n 
Antarctic settings. However, a minority of odontasterid 
species, mostly in the genus Odontaster occur away from 
high-latitude settings and are found throughout deep-sea 
habitats as far away as the North Atlantic (e.g. Clark and 
Downey 1992). A single odontasterid species, Odontaster 
benhami (Mortensen, 1925) has been recorded from 
Australian waters (Rowe and Gates 1995). 


This unusual distribution has made the Odontasteridae, 
prime subjects for biogeographic studies In the Southern 
Hemisphere (e.g. Fell 1962). More recent molecular 
evolutionary and phylogeography have further elucidated 
diversification events within Odontaster and among 
odontasterid genera across their range (e.g. Janosik et al. 
2011; Janosik and Halanych 2013). 


Two new species, an undescribed genus, and several 
new occurrences were discovered as part of curation 
of deep-sea collections during research visits to the 
Western Australian Museum in Perth and the Museum 
Victoria in Melbourne, Australia. Two genera, 
Hoplaster and Marshastra gen. nov. are reported from 
Australian waters. 


MATERIALS AND METHODS 
Specimens described herein are housed at the Museum 
Victoria (NMV) in Melbourne, Victoria, Australia 
and the Western Australian Museum (WAM) in Perth, 
Western Australia. 
Measurements of specimens herein are in centimetres 
(cm), except where indicated otherwise. 


OBJECTIVES AND CONSTRAINTS OF THE 
PHYLOGENETIC ANALYSIS 


The phylogeny provided in Figure 1 was developed 
primarily to support Marshastra gen. nov. as a separate 
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genus from Hoplaster. Although it includes putative 
outgroups, it was beyond the scope of this investigation 
to fully resolve relationships among genera in the 


Odontasteridae and this treatment should be considered 
preliminary, providing a hypothesis for further testing 


of relationships. 


A phylogenetic analysis was run using the heuristic 
algorithim with Mesquite version 3.04 (build 725) 
resulting in 11 unrooted, most parsimonious trees. 
The analysis utilised 19 morphological characters 
and included Acodontaster capitatus (E13699), and 
Chaetaster vestitus (USNM 47151) as outgroups based on 
prior molecular phylogenetic results (Mah and Foltz 2011; 


Hoplaster clarki 


Hoplaster oloughlini 


n. Sp. 


, Hoplaster kupe 


Hoplaster spinosus 


Marshastra loisetteae 


n. gen. n. sp. 


OG: Acodontaster capitatus 


OG: Chaetaster vestitus 


FIGURE 1 
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Janosik and Halanych 2013) with the five 1n-group taxa 
treated herein (Marshastra and four species of Hoplaster). 
Acodontaster, as the sister taxon, was the sister branch 
to Hoplaster based on 16S and cytochrome c oxidase 
subunit I molecular markers as well as 29 morphological 
characters (Janosik and Halanych 2013). Chaetaster was 
supported as sister group to the Odontasteride in a three 
gene analysis of the Valvatacea (Mah and Foltz 2011) 
and was included as a further outgroup. Rooting of the 
two outgroups consistently resulted 1n a consistent tree 
topology across the resultant 11 tree topologies, as seen in 
Figure 1. Generated tree topologies support Marshastra 


loisetteae as the sister clade to a monophyletic Hoplaster. 


New Zealand & South Australia, 42? to 
49°S, 146° to 147°E, 730-1030 m 


New Zealand & South Australia, 41? to 
47°S, 147°E, 987-1552 m 


New Zealand & South Australia, 32? to 40? 


North Atlantic & 
South Africa 
1795-3310 m 


Western Australia 96-253 m 


Antarctica/Southern Ocean & 
High Latitudes, 193-647 m 


Indian Ocean, 50-70 m 


Phylogenetic tree including Marshastra and Hoplaster species. One consistent topology trom 11 unrooted 


analyses after the outgroups were constrained by Mesquite. 
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SYSTEMIATICS 


Family Odontasteridae Verrill, 1899 


DIAGN0SIS 


Body pentagonal to strongly stellate (R/r = 1.1—4.0), 
five rays, arms triangular, varying from short and 
triangular to elongate with tapering ends. Interradial 
arcs weakly curved/straight to acute. Abactinal plates 
variably paxillate with short spinelets arranged in 
longitudinal to oblique series to flattened, imbricate, 
lobate polygonal plates with variable types of 
surficial granulation. Most genera lacking any kind of 
prominent spination. Marginal plates forming variable 
periphery ranging from wide, distinct peripheral 
frame clearly observed from abactinal surface, 
very pronounced in some genera, to more indistinct 
smaller series present around lateral edge. Marginal 
plates variably covered with short spinelets in most, 
presenting a hirsute appearance, but some genera, such 
as Acodontaster, with granules, forming continuous 
surficial covering. Actinal intermediate plates, 
numerous In some taxa, arranged in chevron formation. 
Actinal plate surface covered with spinelets or 
granules, in similar fashion to abactinal plate surface. 
Prominent spines absent from abactinal and marginal 
plates, but tubercles present In some species. Oral 
plates in most genera with a single enlarged, recurved 
hyaline spine(s). Two spines present in Diplodontias, 
but spine absent in Hoplaster and Marshastra gen. nov. 
Furrow spines In most genera are slender, pointed. 


COMMENTS 


Outwardly, many odontasterids appear similar to 
members of the Goniasteridae, but have paxillate 
abactinal and actinal plates as well as blocky 
marginal plates covered by fine clavate spinelets, 
these reminiscent of paxillosidans. A conspicuously 
large, recurved oral spine or ‘tooth’ is a diagnostic 
character for most members of the group (e.g. Clark 
and Downey 1992; Janosik and Halanych 2013). Two 
genera, Hoplaster Perrier in Milne-Edwards, 1882 
and Diabocilla McKnight, 2006 are unusual in that 
they lack the large, recurved oral spine present in most 
Odontasteridae (Janosik and Halaynch 2013). Despite 
this inconsistency, Hoplaster and other odontasterids 
have been supported as monophyletic by molecular 
phylogenetic analysis (Mah and Foltz 2011, Janosik and 
Halanych 2013). Janosik and Halanych (2013) included 
all six genera with two genes and morphological data, 
including the *untoothed' genus Hoplaster, which was 
supported a sister clade to Acodontaster. Although 
phylogenetic topologies differ between the 12S, 
l6St+histone H3 tree of Mah and Foltz (2011) and the 
16S+COI tree of Janosik and Halanych (2013) some 


similarities, such as the positions of Eurygonias and 
Diplodontias were present among stemward taxa. 
Work herein reviews known shared characters between 
toothed and untoothed taxa, synonymises Diabocilla, 
and provides the basis for a new genus from the Western 
Australian coast of the Indian Ocean. 


KEY TO 'TOOTHLESS' 
ODONTASTERIDAE 


| Body shape strongly stellate (R/r = 2.13.5) (Figure 
6A,D). Abactinal, marginal, actinal spines glassine, 
short, pointed (Figure 6B-C,E-F). Marginal 
plates approximately 16—24 per interradius (armtip 
to armtip) at R = 1.2—1.4 (Figure 6A,D) ................. 
DIA ULLAS, Marshastra loisetteae gen. nov. sp. nov. 


Body shape pentagonal or weakly stellate (R/r — 
1.1-1.7). Abactinal (marginal, actinal) plates solid, 
strongly developed, with clavate to tuberculate 
tips, presenting a round, granular appearance 
from the surface in some species (e.g. Figures 2B, 
4A—B). Overall, marginal plates 7—19 per interradius, 
but most species with 8-10 ................... Hoplaster (2) 


2 Abactinal, marginal and actinal plates covered with 
cylindrical granules with round tips, appearing 
more rounded when viewed from above (Figures 
2B, 4A-B). Marginal plates number 9-10 (e.g. 
Figure 4A) at R = 1.1—1.6.......................................... 
au oy opr Hoplaster oloughlini sp. nov. 


Abactinal, marginal and actinal spinelets appearing 
slender, with pointed, clavate or tubercular tips. 
Actinal spinelets slender with blunt to pointed tips. 
Marginal plates number 9—15 at R = 1.0-1.5 ...... (3) 


3 Spinelets on lateral surface and on inferomarginal 
plates with strongly clavate tips appearing 
tuberculate or granular (Figure 2B). Marginals 
9—13, 13 at R = 1.25 em in the holotype. Australian 
specimens are smaller, 9-10 at R = 0.5—0.7.......... 
Ju Ne A 0 gul Hoplaster clarki comb. nov. 


All spinelets on marginal and actinal plates slender, 
with pointed or clavate tips (e.g. Figures 2B, 3B,F) 


4 Marginal plates per interradius, 16—19 at R = 1.4-1.7. 
Armtips triangular with pointed tip (Figure 3A). 
Abactinal spinelets coarser, shafts thicker (Figures 
3D,F). Known occurrence New Zealand and 
Australia (South Pacific)................. Hoplaster kupe 


Marginal plates per interradius, 9—13 at R < 1.8. 
Armtips more rounded with blunt arm tip 
(Figure 5A). Abactinal spinelets fine, relatively fine, 
shafts elongate (Figure 5A—B). Known occurrence 
Atlantic to South Africa ........... Hoplaster spinosus 
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TAXONOMY 
Hoplaster Perrier in Milne—Edwards, 1882. 


Hoplaster Perrier in Milne-Edwards 1882: 48; 1894: 323; 
Verrill 1899: 197; Mortensen 1927: 77, 439, Spencer 
and Wright 1966: U56; McKnight 1973: 227; Clark and 
Downey 1992: 151. 


Pentagonaster (part) Sladen 1889: 275. 


Diabocilla McKnight 2006: 103 new synonymy. 


DIAGNOSIS 


Body pentagonal to weakly stellate (R/r = 1.3—1.7), 
interradial arcs weakly curved to straight. Abactinal 
plates round to polygonal with weakly convex central 
mound (subtabulate) each topped with variably clavate 
spinelets ranging from very narrow to coarse and thick, 
superficially appearing tubercular to granular from 
a distance. Fasciolar grooves between plates formed 
by spinelets and plate convexity. Marginal plates, 
9-20, blocky, forming distinct periphery. Marginal 
plate surfaces covered by spines similar or identical to 
spinelets present on abactinal surface, each with clavate 
or round tips. Actinal plates quadrate in chevron-like 
formation, each covered by spinelets, variably slender 
to coarse with pointed, rounded clavate, or denticulate 
tips. Furrow spines, 2—4, each pointed, slender, 
subambulacral spines, similarly slender and pointed, 
1—6. Recurved oral spine on each oral plate absent (this 
characterises other members of the Odontasteridae). 


TYPE SPECIES 


Hoplaster spinosus Perrier In Milne—Edwards, 1882. 


COMMENTS 


Historically, Hoplaster has stood apart from other 
members of the Odontasteridae In lacking the prominent 
recurved hyaline spine present on the oral plates (A.M. 
Clark 1962; Clark and Downey 1992; H.E.S. Clark 
and McKnight 2001). Hoplaster’s other diagnostic 
morphological characters are consistent with other 
most other members of the Odontasteridae, including 
paxillate or highly spinose abactinal, marginal, and 
actinal surfaces. 


Hoplaster spinosus was first described from lower 
bathyal to abyssal depths (1795-3310 m) in the Atlantic 
and later South African waters from soft bottom settings 
(sand, ooze and volcanic mud) (Clark and Downey 1992: 
152). McKnight (1973) described the Pacific species, 
Hoplaster kupe from comparably deep-sea habitats 
(1995-2010 m). H.E.S. Clark and McKnight (2001) 
further reported on New Zealand Hoplaster species 
from New Zealand waters. 


With the synonymy of Diabocilla, the account 
documents four species of Hoplaster, one from the 
Atlantic, including the North Atlantic and South Africa 
and three from New Zealand and Australian waters, all 
from relatively deep water, 730—2636 m. 
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SYNONYMY OF DIABOCILLA 


McKnight (2006) described a second ‘untoothed’ 
odontasterid genus, Diabocilla from Chatham Rise 
in New Zealand waters from 890—970 m. Diabocilla 
was characterised by the abactinal and marginal plates 
covered by tubercles rather than spines, as well as 
‘barely elevated’ abactinal plates relative to Hoplaster, 
the other untoothed odontasterid (e.g. Clark and Downey 
1992). 


Examination of spinelets across species in Australian 
Hoplaster and images of the holotype of Diabocilla 
clarki, including the abactinal and marginal tubercles 
(Figure 2A-C) show that they are the same as the 
clavate-tipped spinelets present in other Hoplaster 
species. The abactinal plates described by McKnight 
(2006) as barely elevated and consistent with plates 
in other Hoplaster species. Without these characters 
serving to distinguish Diabocilla as distinct, this species 
is consistent with characters that identify Hoplaster. 
Diabocilla McKnight, 2006 Is synonymised with 
Hoplaster Perrier in Milne-Edwards, 1882. 


Included species: Hoplaster clarki (McKnight, 2006) 
nov. comb., Hoplaster kupe McKnight, 1973, Hoplaster 
spinosus Perrier 1n Milne-Edwards, 1882 (type species), 
Hoplaster oloughlini sp. nov. 


Hoplaster clarki (McKnight, 2006) 
Figure 2A-F 
Diabocilla clarki McKnight, 2006: 103. 


MATERIAL EXAMINED 


South Pacific: NNMV F159245, Pedra site, south of 
Tasmania (-44.2585, 147.092), 850—1000 m, T. O'Hara, 
2 April 2007, 2 wet specs (R = 0.8, r= 0.6; R = 0.6, 
r — 0.45; NMV F159246, Pedra site, south of Tasmania 
(-44.261, 147.097), 730—1000 m, T. O'Hara, 2 April 
2007, 1 wet spec. (R = 0.7, r = 0.4; NMV F159247, 
Huon 1000 site, south of Tasmania (-44.1256, 147.248), 
800-1000 m, T. O'Hara, 3 April 2007, 1 wet spec. 
(R = 0.7, r = 0.4); NMV F159248, Tasman 1000 site, 
south of Tasmania (-44.0658, 146.234), 800—880 m, 
T. O’Hara, 5 April 2007, 1 wet spec. (R = 0.5, r = 0.3); 
NMV F159249, Cascade 1000 site, south of Tasmania 
(-44.0658, 146.234), 780—870 m, T. O'Hara, 8 April 
2007, 2 wet specs (R = 0.5, r = 0.3; R = 04, r = 0.2); 
NMV F159250, Huon 1000 site, south of Tasmania 
(-49.9337, 150.512), 840—1030 m, T. O'Hara, 31 March 
2007, 1 wet spec. (R = 0.6, r = 0.4); NMV F159251, Huon 
1000 site, south of Tasmania (-44.0306, 147.58), 
830—1000 m, T. O'Hara, 31 March 2007, 1 wet spec. 
(R = 0.6, r = 0.4); NIWA 25638 holotype, Diabocilla 
clarki Off Chatham Rise, New Zealand (-42.766667, 
179.926667), 900—970 m. 1 dry spec. (R = 1.25, r= 0.85) 
(images only). 


NEW TOOTHLESS' ODONTASTERIDAE FROM AUSTRALIAN WATERS 53 


DIAGNOSIS 


well as actinals covered by cylindrical pointed spinelets. 


Body pentagonal to weakly stellate (R/r = 1.3—1.75), Marginal plates 9-13 per interradius. Australian 


interradial arcs weakly curved to straight. Species which specimens with furrow spines 2, decreasing to 1 distally. 
shows abactinal spinelets with clavate to tuberculate subambulacral spines 2—3, New Zealand (and type) 
tips, marginal plates covered by tuberculate granules as specimens with furrow spines 3, decreasing to 2. 


FIGURE 2 
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Hoplaster clarki, holotype (NIWA 25638): A) abactınal surface, scale = 1.5 mm, B) closeup of spinelets and 
abactinal plates. Arrow pointing to individual clavate/round-tipped spinelet, scale = 3 mm; C) abactinal-lateral 
view, scale = 1.5 mm, D) actinal surface, scale = 3 mm, E) Lateral view of marginal plates showing granules 
(spinelets), scale = 2 mm, F) closeup of actinal surface, scale = 2 mm. 
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DESCRIPTION 


Body stout, pentagonal to weakly stellate (R/r = 1.3— 
1.75), interradial arcs weakly curved to straight. 


Abactinal surface composed of flat to mound-like 
plates (1.e. weakly convex) abutting to imbricate. 
Plates irregular 1n outline, larger proximally becoming 
smaller more distally. Plate surfaces covered by clavate 
spinelets, 4—15, abundant but evenly distributed, each 
with slender shaft and rounded, denticulate tips. Papulae 
present along proximal radial arm regions. Madreporite 
convex, flanked by approximately 5—6 plates. 


Marginal plates 9—13 per interradius (arm tip to 
arm tip) approximately 5 per arm side. Individual 
plates quadrate in shape with deep fasciolar grooves. 
Surface covered by shorter, but still coarse, tuberculate 
granules, 20—40 per plate surface. Pitting present 
where granules have been removed. Superomarginals 
at armtip 1n contact over midline. Inferomarginals with 
more elongate, flattened spines, 10—25, mostly 20 with 
distinctly flattened tips, widely spaced spines forming 
edge around actino-lateral edge. Actinal surface on 
inferomarginal plates with glassy surfaces embedded on 
inferomarginal plate surface. 


Actinal plates in full chevron-like series with irregular 
plates present interradially adjacent to inferomarginal 
contact. Each plate quadrate in shape bearing pointed, 
but blunt-tipped spines, 2—7, widely spaced on each plate. 


Australian specimens with 2 furrow spines, pointed 
and elongate, decreasing to one distally, similar to those 
on actinal plate surface. Subambulacral spines, 2-3, 
in transverse series identical to those on actinal plate 
surface. New Zealand (and type) specimens with furrow 
spines 3, decreasing to 2. Subambulacral spines 5—6. 
Oral plate with four furrow spines, widely paced. Oral 
plate surface covered by elongate spines, 3—4 similar to 
those elsewhere. Two enlarged, recurved, non-hyaline, 
oral spines, one for each half plate, each of these spines 
with blunt tip, twice as thick as furrow spines, 20—40% 
taller than adjacent actinal spines, identical in texture, 
appearance to other actinal spines. 


OCCURRENCE 


Chatham Rise, central New Zealand from Diabolical 
and Zombie Hill, 890—970 m. 


In Australia, Pedra and several sites, including 
the Huon, Cascade and Tasman 1000 sites, south of 
Tasmania, 730—1030 m. 


COMMENTS 


A species with an intermediate morphology between 
Hoplaster oloughlini sp. nov. and the more spinose 
Hoplaster kupe. The abactinal and marginal granular 
spinelets show strongly rounded and tips, presenting 
a granuliform appearance most similar to Hoplaster 
oloughlini but actinals spinelets are slender with blunt, 
clavate tips, akin to Hoplaster kupe. 


CHRISTOPHER L. MAH 


Hoplaster kupe McKnight, 1973 


Figure 3A-G 


Hoplaster kupe McKnight 1973: 227, fig. 6; A.M. Clark 
1993: 195; H.E.S. Clark and McKnight 2001: 150; 
Lorz et al. 2012: 49; Janosek and Halanych 2013: 823; 
O'Hara et al. 2020: 10. 


MATERIAL EXAMINED 


South Pacific: NMV F241774, Flinders, Tasmania 
(-40.464, 149.101), 2298—2486 m, T. O'Hara aboard 
RV Investigator 3 Oct 2017, 1 wet spec. (R = 1.8, 
r = 1.1); NMV F241823, East Gippsland, Victoria 
(-37.792, 150.382), 2338-2581 m, T. O'Hara aboard 
RV Investigator, 25 May 2017, 1 wet spec. (R = 0.8, 
r = 0.4); NMV F241881, Hunter, New South Wales 
(-32.575, 153.162), 2595-2474 m, T. O'Hara aboard RV 
Investigator, 3 Oct 2017, 3 wet specs (R = 0.9, r = 0.6; 
R = 0.9, r = 0.4, R = 0.7, r = 0.5); NMV F241900.1 and 
F241900.2, Central Eastern CMR, E of Woolgoolga, New 
South Wales (-30.0977, 153.899), 2429-2518 m, 4 wet 
specs (R = 0.8, r = 0.5; R = 1.1, r = 0.6; R = 0.8, r = 0.5; 
R= 1.1, r=0.5); NMV F241844, Jervis, New South Wales 
(-35.333, 151.258), 2650—2636 m, T. O'Hara aboard RV 
Investigator, 29 May 2017, 2 wet specs (R = 1.4, r = 0.8; 
R= 1.4, r= 0.5). 


DIAGNOSIS 


Body pentagonal to weakly stellate (R/r = 1.4—1.7), 
arms sort, triangular. Interradial arcs curved to 
straight. Marginal plates 15—19 per interradius, 
abactinal, marginal plates covered by relatively 
fine clavate spinelets with denticulate tips. Furrow 
spines 3—4, subambulacral spines 6—8, each pointed, 
approximately 10% longer and thicker than the furrow 
spine, In two rows, approximately 2—3 each. 


DESCRIPTION 


Body weakly stellate to stellate (R/r = 1.4—1.7), arms 
short, triangular. Interradial arcs curved to straight. 


Abactinal surface with paxillate plates, each bearing 
weakly tuberculate spinelets, 8—50, with widely spaced 
denticulate club-shaped tips. Plates circular, but with a 
sharply mound-like aspect. Paxillate plates primarily 
along radial regions, interradial plates non-spinose, round 
in shape, abutted. Fasciolar grooves well-developed. 
Madreporite polygonal, flanked by five or six plates. 


Marginal plates with convex surfaces, 16—19 per 
interradius at R = 1.4—1.8, each quadrate in shape with 
rounded edges, surfaces of both completely covered 
by spinelets, 50—200, essentially identical to those on 
abactinal plates. Spinelets with blunt tips, wide end. 
superomarginal plates adjacent to terminal plates 
compressed, triangular shaped. Superomarginal and 
inferomarginal plates with rounded lateral angles, 
especially on the actinal-lateral angle. Inferomarginal 
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plates also covered by widely spaced spinelets, 50—300, with widely spaced, slender spines with denticulate 
identical in morphology to those on superomarginal tips, 6-30, mostly 10—15. These spines lost during 
plates. Terminal plate round, smooth. collection from many specimens. 

Actinal plates composed of 3—4 full series of plates Oral plates with 6—7 furrow spines, identical to those 
in irregularly arranged chevron-like pattern. Plates are on adambulacral plates with a single pronounced spine 
quadrate, round to irregularly polygonal, abutted with directed 1nto the mouth, paired slender spines, 6—7 on 
tissue interspersed between plates. Individual plates either side of the pronounced diastema present between 
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FGURE3 Hoplaster kupe (NMV 241774): A) abactinal surface, scale = 2.5 mm, B) closeup of abactinal spination, 
scale = 2 mm, C) close up of abactınal view showing plate morphology and spination, scale = 2 mm; D) 
abactinal-lateral view showing abactinal and lateral spination, scale = 4 mm; E) actinal surface, scale = 2.5 
mm; F) actinal-lateral view showing actinal and inferomarginal spination, scale = 2 mm; G) closeup of actinal 
Surface, oral region, scale = 5 mm. 
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the two halves of the oral plates. Oral plate surface with 
10—12 slender, pointed spines similar 1n stature to those 
on actinal plate surface. 


Furrow spines 3-4, slender, conical and pointed, 
widely spaced. Subambulacral spines in two 
irregular rows, one series with 2—3 pointed spines, 
approximately 10% longer and thicker than the furrow 
spine and the second with shorter spines, 2—4, more 
similar to those on actinal plate surface. 


OCCURRENCE 


New Zealand, 1996—2062 m. In Australian waters: 
Tasmania, New South Wales, South Pacific region. 
2298—2636 m. 


COMMENTS 


Sediment associated with the specimen suggests the 
bottom was composed of a fine mud. 


Hoplaster oloughlini Mah, sp. nov. 
Figure 4A-E 


urn:Isid:zoobank.org:pub:F2DB7614-250D-ACFC-9AD7- 
0C806E819A28 


MATERIAL EXAMINED 


Holotype 


South Pacific: NMV F240373, southern Tasmania 
(-47.48, 148.50,) 1056—1066 m, M. Gomon on RV Soela, 
502-86-02, 17 March 1986, 1 wet spec. (R = 1.6, r= 0.9). 


Paratypes 


South Pacific: NMV F240360, 83.8 km SSE of South 
East Cape, “Iİ” seamount, Tasmania (-44.27, 147.33), 987 m, 
T. Stranks et al., CSIRO, 3 wet specs (R = 1.5, r = 0.7; 
R= 1.1, r = 0.6; R = 1.1, r = 0.7); NMV F240361, 84.3 km 
SSE of South East Cape, ‘Dory Hill’ seamount, Tasmania 
(-44.33, 147.11), 1000 m, T. Stranks, Cruise SSO1/97, 
St. 47, 2 wet specs (R = 1.2, r = 0.8; R = 1.3, r = 0.8). 
NMV F240362, 89.5 km SSE of South East Cape, ‘KI’ 
seamount (-44.29, 147.41), 1225 m, T. Stranks, Cruise 
SS01/97, St. 28, 3 wet specs (R = 1.3, r = 0.8; R = 1.3, 
r= 0.8; R = 1.3, r = 0.8). NMV F240363, 85.9 km SSE 
of South East Cape, “Bİ” seamount (-44.31, 147.27), 
1150-1552 m, T. Stranks et al., CSIRO, 5 wet specs 
(R = 1.2, r = 0.7; R = 1.2, r = 0.6; R = 1.1, r = 0.6; 
R = 1.0, r = 0.6; R = 1.1, r = 0.6); NMV F240364, 87.8 km 
SSE of South East Cape, ‘Al’ seamount, Tasmania 
(-44.33, 147.27), 1200—1400 m, T. Stranks, CSIRO, 
2 wet specs (R = 1.1, r = 0.6; R = 0.7, r = 0.5); NMV 
F240365, 83.2 km SSE of South East Cape, “Dory Hill’ 
seamount (-44.32, 147.12), 1280-1400 m, 1 wet spec. 
(R = 1.1 r = 0.8; NMV F240366, 81.6 km SSE of 
South East Cape, “38” seamount, Tasmania (-44.23, 
147.38), 1200-1400 m, T. Stranks, CSIRO, 1 wet spec. 
(R = 1.6, r = 0.8); NMV F240367, 89.2 km SSE of 
South East Cape, ‘Sister 1’ Seamount (-44.27, 147.29), 


CHRISTOPHER L. MAR 


1100-1122 m, T. Stranks et al., CSIRO, 23 Jan 1997, 
16 wet specs (R = 0.7, r = 0.3; R = 0.8, r = 0.5; R = 13, 
r= 0.8; R = 1.4, r= 0.8; R = 1.2, r = 0.8; R = 1.4, r = 0.8; 
R= 1.4, r= 0.7; R = 1.4, r = 0.8; R = 1.3, r = 0.8; R = 1.2, 
r= 0.8; R = 1.4, r = 0.8; R = 1.2, r = 0.6; R = 1.0, r = 0.6; 
R = 1.2, r = 0.8; R = 1.2, r = 0.5; R = 13, r = 0.7); 
NMV F240368, 82.6 km SSE of South East Cape, “İT 
seamount, Tasmania (-44.24, 147.36), 1200-1450 m, 
T. Stranks et al., CSIRO, 9 wet specs (R = 1.2, r = 0.7; 
R = 1.1, r 06, R = 12, r = 0.7; R= 1.2, r= 0.6; R = 1.0, 
r= 0.6; R= 1.2, r = 0.7; R = 1.2, r = 0.7; R = 0.6, r = 0.3; 
R = 1.2, r = 0.7); NMV F240369, 89.2 km SSE of South 
East Cape, ‘U’ seamount, Tasmania (-44.32, 147.12), 
1083-1448 m, T. Stranks et al., CSIRO, 1 wet spec. 
(R = 1.0 r = 0.6); NMV F240370, 81.3 km SSE of South 
East Cape, “38” seamount, Tasmania (-44.22, 147.38), 
1140 m, T. Stranks, CSIRO, 4 wet specs (R = 1.5. 
r= 0.6; R = 1.3, r= 0.9; R = 1.3, r= 0.8; R = 1.3, r = 0.7); 
NMV F240371, ‘Huon’ seamounts (-44.2803 147.138), 
1260 m, RV Southern Surveyor, 2 wet specs (R = 1.6, 
r= 1.0; R = 1.1, r = 0.6); NMV F240372, East Hill, St 
Helens, Tasmania, Tasman Sea (-41.2431, 148.826), 
1170-1380 m,RV Southern Surveyor, Cruise SS0308, sta. 
139—013, 16 March 2008, 1 wet spec. (R = 1.3, r = 0.8); 
NMV F240374, ‘Dory Hill seamount, Tasmania (-44.3253, 
147.112), 1180 m, R. Thresher and D.A. Staples, | wet spec. 
(R = 1.3, r= 0.7); NMV F240375, ‘Al’ seamount, Tasmania 
(-44.3225, 147.265), 1575 m, R. Thresher and D.A. Staples, 
| wet spec. (R = 1.2, r= 0.7). 


DIAGNOSIS 


Body pentagonal to weakly stellate (R/r = 1.6). 
Identified by the abundant, coarse, granular spinelets on 
the abactinal, marginal and actinal surface. Marginal 
plates 9—10 per interradius. Furrow spines 2 decreasing 
to 1 distally. 


DESCRIPTION 


Body pentagonal to weakly stellate (Ræ = 1.4—1.8), 
interradial arcs weakly curved. Actinal surface weakly 
concave, body arched. 


Abactinal surface composed of abutted plates. Each 
plate irregularly shaped, ranging from ovate to bilobate 
in outline, with arched central region forming a mound- 
like surface. Plates with lower peripheral areas 1n contact 
forming shallow fasciolar grooves between plates. 
Plates with 2—15 blunt, coarse bullet-shaped strongly 
eranuliform spinelets evenly but densely distributed 
on plate surface. Stature of each spinelet variable with 
some nearly twice as thick as most other spinelets. Tips 
of spinelets round and bulbous, appearing pebbly and 
eranuliform from a distance. Approximately 2—3 counted 
along a 1.0 mm line. The granuliform spinelets present 
among plates on the abactinal surface contributing to 
the shallow fasciolar groove. Each plate surface covered 
by 2-8 embedded glassy nodules. Large papulae, 1—4 
between and in depressions between plate contacts. 
Madreporite triangular in outline, flanked by 5—6 plates. 
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FIGURE 4 


c — 


Hoplaster oloughlini sp. nov. holotype (NMV F240373): A) abactinal surface, scale = 3 mm; B) closeup of 
abactinal, marginal granules/spinelets, scale = 2 mm, C) actinal surface, scale = 3 mm; D) actinal surface 
showing spination/granules, scale = 2 mm; E) closeup on oral region showing furrow spines and spination, 
scale = 2 mm. 
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Superomargınal plates 9-10 per interradius, 
inferomarginals 8—10, corresponding 1:1 interradially 
becoming more offset distally. Superomarginals seven 
at R = 0.7. Plates quadrate 1n cross-section with weakly 
developed lateral edge. Plate surface covered by coarse, 
cylindrical granuliform spinelets, 30—60 per plate 
surface, similar to those on abactinal surface. Those 
on abactinal superomarginal surface identical to those 
on abactinal plates, but those on lateral surface slightly 
more pronounced, approximately two on a 1.0 mm line. 
Inferomarginal surface with similar distribution of coarse 
granuliform spinelets, larger on the lateral side and 
slightly smaller ones present on the actinal surface. Some 
inferomarginal accessories becoming quite large, with 
individual ossicles nearly 1.0 mm across with bulbous 
tips. Fasciolar groove present between marginal plates, 
but strongly developed between superomarginal and 
inferomarginal plate series. Terminal plate triangular with 
glassy nodules embedded on surface. 


Actinal plates 1n irregular chevrons, with plates 
similar in shape to those on the abactinal surface. 
Irregular to quadrate in shape with convex surface, 
mound-like. Each plate with coarse, thick cylindrical 
eranuliform spinelets, 1—6, with rounded tips, similar to 
those observed on the abactinal surface, widely spaced. 
Continuous with granuliform spinelets on actinal 
surface of adjacent inferomarginal plates. 


Furrow spines two decreasing to a single spine 
distally, blunt but pointed, slightly. 


Subambulacral spines, four (proximal) to two (distal). 
Subambulacrals, 3—4 times the thickness of the furrow 
spines, arranged proximally in a widely spaced floret 
pattern. Oral plates with four furrow spines, one spine 
directed into the mouth. Three series of spines present 
on the oral plate surface. Proximalmost spines two, large 
conical and directed into mouth, followed by four spines 
(i.e. two per oral plate) and then two behind it. Surface 
of oral plate otherwise smooth with no other accessory 
features (no granuliform spinelets etc.). 


OCCURRENCE 


Tasmania and seamounts in the South Pacific region. 
987—1552 m. 


COMMENTS 


This species displays the most coarse granuliform- 
tipped spinelets among all the Hoplaster species. 
These spinelets with strongly rounded and clavate 
tips) expressed on the abactinal, marginal and actinal 
surfaces. The granule-like spinelets on the abactinal 
plates and marginals of Hoplaster oloughlini sp. nov. 
are most similar to those on Hoplaster clarki suggesting 
affinity between the two species. 


ETYMOLOGY 


This species is posthumously named in honor of Peter 
Mark O’Loughlin, Research Associate at Museum 
Victoria (1935-2022), who contributed greatly to the 
systematics and biodiversity of Australian and Antarctic 
Echinodermata. 


CHRISTOPHER L. MAH 


Hoplaster spinosus 
Perrier in Milne-Edwards, 1882 


Figure 5A-B 


Hoplaster spinosus Perrier in Milne-Edwards 1882: 
48; 1894: 324: Verrill 1899: 197; Mortensen 1927: 77, 
439; Gage et al. 1983: 278; Clark and Downey 1992: 
151; Howell et al. 2002: 1911. Pentagonaster lepidus 
Sladen, 1889: 275. 


MATERIAL EXAMINED 


North Atlantic: (all images only) NOC 50304, Rockall 
Trough (56.2, -12.00), 2600 m. R.R.S. Challenger, 
31 Oct 1978. 1 wet spec.; NOC 51603.2, Porcupine 
Seabight, (50.3066666667, -13.395), 2730-2740 m, RRS 
Challenger, 18 July 1982. 1 wet spec.; NOC 51611.1, 
Porcupine Seabight (50.2866666667, -13.4133333333), 
2640-2700 m, RRS Challenger, 21 July 1982, 1 wet spec.; 
NOC 10112.1, (50.4166666667, -13.3183333333), 2640— 
2660 m, RRS Discovery, 9 September 1979, 1 wet spec.; 
NOC 51110.3, (50.2733333333, -13.515), 2785-2800 m, 
RRS Challenger, May 28, 1981, 1 wet spec. 


FIGURE 5 


Hoplaster spinosus: A) abactinal surface; 
B) actinal surface. Scale = 1mm. 
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DIAGNOSIS 


Body pentagonal to weakly stellate (R/r = 1.5—1.6), 
interradial arcs weakly curved to straight. Abactinal 
plates with broad almost circular convex elevation with 
flat primary disk plates. Abactinal plates paxillate with 
slender clavate spinelets, 12-18. Marginal plates 9-13 
per interradius, blocky with convex surface covered with 
crystal bodies. Odd interradial plate present, tapering. 
Distalmost superomarginals abutted over midline in 
some individuals. Marginal plate surface covered with 
“papıllose” clavate spinelets similar to those on the 
abactinal surface whereas those on the inferomarginal 
plates are longer and thicker. Furrow spines 3 then 2, 
backed by subambulacral spines, 4—5. No pedicellariae. 
(Based on Clark and Downey 1992; Sladen 1889; Perrier 
1894). Two enlarged, recurved, non-hyaline, oral spines, 
one for each half plate, each of these spines with blunt 
tip, twice as thick as furrow spines, 20—40% taller than 
adjacent actinal spines, identical In texture, appearance to 
other actinal spines. 


OCCURRENCE 


North Atlantic, Azores and south-west of Ireland up 
to the Rockall Trough. Cape Town, South Africa. 1795— 
3310 m. Howell et al. (2002) reported Hoplaster spinosus 
from the Porcupine Seabight and Abyssal Plain from 
2645-2780 m. Collectively 1795-3310 m. 


COMMENTS 


Hoplaster spinosus 1s thought to be the most deeply 
occurring of the known Hoplaster species, present In the 
lower bathyal zone at 2645—2780 m, and is distinctive, 
displaying the slenderest and least clavate of spinelets 
on the abactinal, marginal and actinal surfaces (Figure 
5A—B). 

Full collection data for the specimens cited below 
were obtained from Gordon (1978), Herring (1979), Rice 
(1981), and Thurston (1983). 


Genus Marshastra gen. nov. 


urn:lsid:zoobank.org:act:B248929E-076A-4BDC-82EA- 
F91956A79505 


TYPE SPECIES 


Marshastra loisetteae sp. nov. 


DIAGNOSIS 


As for genus and species by monotypy. 


COMMENTS 


A new genus characterised by a more strongly stellate 
body shape, greater numbers of marginal plates and with 
a covering of fine spines on the abactinal, marginal, and 
actinal plate surface. The single, prominent recurved 
hyaline spine present on the oral plate of other members 
of the Odontasteridae are absent from Hoplaster and 
Marshastra. In addition to the oral spine character, 
Hoplaster and Marshastra share mound-shaped abactinal 
and blocky marginal plate morphology. 


Compared to Hoplaster, Marshastra shows differing 
abactinal and marginal plate morphologies and shows a 
more stellate body shape. In Hoplaster, the actinal plate 
fields are larger and occupy the majority of the disk and 
arms. Actinal plate series in Marshastra gen. nov. are 
fewer and arranged differently from Hoplaster in that 
there 1s one complete series extending along the arm 
in addition to two 1ncomplete series along the disk and 
arm. The shorter actinal plate series along the arm in 
Marshastra attenuates approximately halfway along the 
arm length. 


ETYMOLOGY 


This new genus is named in honor of Loisette Marsh, 
longtime curator of Echinoderms at the Western 
Australian Museum and the author of Marsh and 
Fromont (2020). 


Marshastra loisetteae sp. nov. 
Figure 6A-F 


urn:Isid:zoobank.org:act:30C8DB9B-5EC6-4553-94CD- 
5E4E183/7D09D 


Hoplaster sp. 1 McEnnulty et al. 2011: 23, 97, 171. 


MATERİAL EXAMINED 


Holotype 


Indian Ocean: WAM 737382, Point Hillier (-35.3735, 
117.1970 to -35.3734, 117.2040), 195—196 m, J. Fromont, 
CSIRO RV Southern Surveyor Cruise SS1005 Nov/Dec 
2005, 1 dry spec. (R = 1.4, r = 0.6). 


Paratypes 


Indian Ocean: WAM Z37383, Mentelle (-33.9797 
114.7339 to -33.9836 114.7347), 96—97 m, J. Fromont, 
CSIRO RV Southern Surveyor Cruise 551005 Nov/Dec 
2005, 1 wet spec. (R = 1.2, r= 0.4); WAM 237384, Perth 
Canyon (-31.9208, 115.2019 to -31.9238, 115.1958), 194— 
232 m, J. Fromont, CSIRO RV Southern Surveyor Cruise 
551005 Nov/Dec 2005, 1 wet spec. (R = 1.7, r = 0.7); 
WAM 737385, Bald Island (-35.1905, 118.6447 to -35.1875, 
118.6506), 147—157 m. J. Fromont, CSIRO RV Southern 
Surveyor Cruise 551005 Nov/Dec 2005, 1 wet spec. 
(R = 1.7, r = 0.8). WAM 237386, Kalbarri (-27.9283, 
113.1378 to -27.9336, 113.1439), 252—253 m, M. Salotti, 
CSIRO RV Southern Surveyor Cruise 551005 Nov/Dec 
2005, 3 wet specs (R = 2.1, r= 0.8, R = 2.1, r= 0.6; R = 1.3, 
r = 0.6), WAM Z37422 Zuytdorp (-35.1905, 118.6447 
to -35.1875, 118.6506), 106 m. M. Salotti, CSIRO RV 
Southern Surveyor Cruise SS1005 Nov/Dec 2005, 
İ wet spec. (R = 1.1, r = 0.4; WAM Z40690, WSW of 
Cape Leeuwin (-34.416806, 114.583333), 190—174 m, 
HMAS Diamantina, 1 dry spec. (R = 1.7, r = 0.6); WAM 
Z40691, NW of Green Head (-29.983333, 114.416667), 
146 m. HMAS Diamantina, | dry spec. (R = 1.5, r = 0.6). 
For a complete list of specimens, especially reference 
vouchers. Refer to Table 1. 
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FIGURE 6 
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Marshastra loisetteae gen. nov. sp. nov. holotype (WAM Z37382): A) abactinal surface, scale = 2 mm; B) closeup 
ot abactinal surface, plates and spination, scale = 1.5 mm; C) closeup of arm tip showing surficial spination on 
abactinal, marginal plates, scale = 1.5 mm; D) actinal surface, scale = 2 mm; E) closeup around oral region, 
actinal intermediate plates showing spination, scale = 1.5 mm; F) closeup on actinal intermediate, inferomarginal 
plate surface, scale = 1.5 mm. 
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DIAGNOSIS 


Body strongly stellate (R/r = 2.1-3.5), arms triangular 
with rounded tips, elongate, interradial arcs acute. 
Abactinal plates low, convex, each covered by 40—200 
fine, spinelets forming dense cover, presenting a hirsute 
appearance over the surface. Marginal plates blocky, 16— 
24 per interradius (8 per arm side), with superomarginal 
and inferomarginal plates covered by dense covering of 
fine spinelets, 850—300. Actinal surface relatively small 
with approximately two actinal plates series limited to 
disk and only proximally on arm. Furrow spines, 6—9, 
remainder of adambulacral plate covered by cluster 
of fine spinelets, 20—60. Single, large recurved spine 
absent from oral plate (character which defines other 
Odontasteridae). Collection notes indicated a soft 
substrate with a high abundance of sponges, a potential 
prey item which would be consistent with prior accounts 
of food items devoured by odontasterids (Dayton et al. 
1970, 1974; Dearborn et al. 1977; McClintock 1994). 


DESCRIPTION 


Body stout, stellate to more strongly stellate (R/r = 
1.1—2.83). Arms triangular with rounded tips, elongate, 
interradial arcs acute. 


Abactinal plates composed of relatively short paxıllate 
plates bearing 40—200 fine spinelets, widely spaced over 
plate surface. Spinelets on central plate surface shorter 
than those around periphery, these appearing almost 
bare. Overall spinelet cover presents abactinal surface 
with hirsute appearance. Paxillar plates themselves 
with convex surfaces. Plate size, shape overall 1s 
homogeneous across disk and arms. Carinal plates 
distinct with approximately two series of adradial plates, 
pinch out adjacent to armtip. 


Marginal plates 8—12 per arm side, 16—24 per 
interradius (arm tip to arm tip), well-developed fascicles 
present between superomarginal and inferomarginal 
plate contacts. Superomarginal plates tumid wide, larger 
in size than inferomarginal plates, forming curved angle 
between abactinal and lateral surface, blocky shape. 
Pre-terminal superomarginals slightly larger than plates 
preceding presenting appearance of a thickened arm 
tip. Superomarginal plates covered by fine spinelets, 
80—300 similar to those on abactinal surface, widely 
spaced over the surface, but more densely arranged, 
perhaps 20—40 per side at each contact between plates. 
Inferomarginal plates also wide, similarly covered 
in fine spinelets with comparable numbers. Terminal 
plates triangular 1n shape. 


Actinal surface of two full series, one incomplete, 
composed of irregular plates adjacent to contact with 
inferomarginal plates. Individual plates round to 
approximately quadrate in shape, each bearing fine 
spinelets, 20—100 per plate, with denticulate, bifid to 
multifid tips projecting from plate surface, widely spaced. 
Well-developed fascolar channels between actinal plates 
present. One actinal plate series extends onto proximal 
arm region, disappearing halfway along arm. 


Furrow spines fine, 6—9 in straight to palmate series, 
interlacing with spines on opposite side of ambulacral 
furrow. Furrow spine number increases distally. Distinct 
space behind furrow spines, adambulacral plate covered 
by cluster of fine spinelets, 20—60, identical to those 
on actinal plate surface. Oral plates with six furrow 
spines, elongate, slender, and a distinct ridge flanking 
the diastema between both oral plates, plate surface 
otherwise covered by fine spinelets similar to those on 
actinal plates. No large recurved spines on oral plates. 
Colour in life, abactinal surface light to deep orange, 
actinal surface light yellow with orange highlights. 


OCCURRENCE 


Known from along the shelf of Western Australia, 
including the Houtman Abrolhos, Cliff Head, Dongara, 
Jurien Bay, Cervantes, Green Island, Guilderton, 
Rottnest Island, Bunbury, off Cape Leeuwin, off 
Fremantle, Beagle Island, and Lancelin Island. 96—253 m. 


COMMENTS 


Marshastra loisettae gen. nov. sp. nov. occurs at much 
shallower depths, 96—253 m, than Hoplaster, 900—1500 m, 
and is the first odontasterid known from temperate 
to subtropical latitudes in the Indian Ocean. This is 
in contrast to high-latitude/Antarctic odontasterids 
from Kerguelen and adjacent waters le.g. Odontaster 
penicillatus, Acodontaster hodgsoni, e.g. from Feral et 
al. (2019)]. This species has been previously identified in 
reports on Australian benthic faunas as ‘cf. Hoplaster’ 
(e.g. McEnnulty et al. 2011). 


ETYMOLOGY 


The genus and species honors Loisette Marsh 
(1928—2021), a long-time researcher of echinoderms and 
marine zoology in Australia at the Western Australian 
Museum (1970-1993). 


DISCUSSION 


PHYLOGENETIC CONTEXT 


Marshastra gen. nov. 1s argued as the sister taxon to 
Hoplaster, which was supported as the sister clade to the 
typological Acodontaster clade (Janosik and Halanych 
2013). Based on the Janosik and Halanych topology, 
Hoplaster 1s derived, with the oral tooth spine character 
argued as a loss relative to the presence of oral spines 
among stemward odontasterids such as Diplodontias 
and Eurygonias. Thus, it is argued that Figure 1 shows 
support for Marshastra and Hoplaster as separate but 
closely related genera, closely related taxa relative to 
Acodontaster. Hoplaster and Marshastra share the 
absence of a recurved oral spine and display similarities 
in abactinal and marginal plate shape and arrangement. 
Based on the implied position in the phylogeny by 
Janosik and Halanych (2013), this suggests that the loss 
of the oral spine is also a derived loss In Marshastra. 
However, it was beyond the scope of this study to survey 
and test relationships with other Odontasteridae, and 
further work is 1n preparation. 
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TABLE 1 


WAM Z 
£31382 
737383 
737384 
737385 
737366A 
Z37386B 
Z37386C 
Z31422 
Z40690 
Z40691 
Z40692 
Z40693 
Z40694 
Z40695 
Z40696A 
Z40696B 
Z40697 
740698 
740699 
Z40700 
Z40701 
Z40702 
Z40703 
Z40704 
Z40705A 
Z40705B 
Z40706A 
Z40706B 
Z40707 
Z40708 
Z40709 
Z40710 
Z40711 


Z40712 


R/r 


1.86 


FOR 


2.71 


2.14 


2.13 


2.63 


2.71 


1.60 


2.83 


2.50 


2.20 


2.40 


2.00 


2.29 


2.53 


2.13 


2.80 


2.00 


1.86 


2.14 


2.00 


2.00 


2.00 


2.20 


2.17 


2.00 


2.60 


1.83 


2.33 


2.43 


2.75 


2.20 


1.86 


2.00 


List of Marshastra loisetteae types and vouchers. 


Locality (all Western Australia) 


Point Hillier 

Mentelle 

Perth Canyon 

Bald Island 

Kalbarri 

Kalbarri 

Kalbarri 

Zuytdorp 

WSW of Cape Leeuwin 
NW of Green Head 


NW of Green Island 


c. 13 km W of Wooded Island, Houtman Abrolhos 


40 km W of Jurien Bay 
NW of Bunbury 

Off Lancelin Is. 

Off Lancelin Is. 

W of Rottnest Island 

W of Guilderton 

WSW of Dongara 
WNW of Lancelin 

NW of Rottnest Island 
NW of Rottnest Island 
W of West end, Rottnest Island 
NW of Rottnest Island 
WNW of Rottnest Island 
WNW of Rottnest Island 
Off Fremantle 

Off Fremantle 

Off Fremantle 

Off Beagle Island 

Off Fremantle 

Off Fremantle 

Off Murchinson 


Off Murchinson 


Depth in m 


195—196 
96—97 
194—232 
147—157 
252-253 
252-253 
252—253 
106 
174—190 
146 
137—144 
150 

165 
161—165 
115-119 
115-119 
182 

146 

108 

183 

155 
155-163 
155-1063 
177—185 
155 

155 

120 

120 

137 

152 

137 

137 

108 

108 
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Specimen Type 


Holotype 
Paratype 
Paratype 
Paratype 
Paratype 
Paratype 
Paratype 
Paratype 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 


Voucher 
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WAM Z 


Z40713A 
Z40713B 
Z40714A 
Z40714B 
Z40715A 
Z40715B 
Z40715C 
Z40716 

Z40717 

Z40718 

Z40719 

Z40720A 
Z40720B 
Z40720C 
Z40720D 
Z40721 

Z40722 

Z40723A 
Z40723B 
Z40723C 
Z40723D 
ZA40723E 
Z40724 

Z40725A 
ZA0725B 
Z40726 

Z40727 

Z40728A 
Z40728B 
Z40729A 
Z40729B 
Z40729C 
Z40730A 
Z40730B 


Z40730C 


R 


R/r 
2.86 
1.88 
2/25 
2.14 
2.29 
2.25 
2.00 
2.13 
2.22 
1.75 
2.13 
2.29 
2.33 
2.40 
2.75 
1.66 
2.40 
1.16 
2.50 
2.71 
3.20 
2.60 
2.29 
2.50 
1.80 
2.75 
2.00 
2.29 
1.88 
2.33 
2.43 
2.43 
2.83 
2.23 


2,29 


Locality (all Western Australia) 


Off Beagle Island 

Off Beagle Island 

Off Beagle Island 

Off Beagle Island 

Off Beagle Island 

Off Beagle Island 

Off Beagle Island 

Off Lancelin Island 

Off Lancelin Island 

Off Lancelin Island 

Off Jurien Bay 

NW of Rottnest Island 
NW of Rottnest Island 
NW of Rottnest Island 
NW of Rottnest Island 

W of Easter Group, Houtman Abrolhos 
NW of Green Island 

Off Cervantes 

Off Cervantes 

Off Cervantes 

Off Cervantes 

Off Cervantes 

c. 79 km W of Cliff Head 
c. 40 km W of Jurien Bay 
c. 40 km W of Jurien Bay 


c. 40 km W of Jurien Bay 


SW of Jurien Bay 
SW of Jurien Bay 
SW of Jurien Bay 
SW of Jurien Bay 
SW of Jurien Bay 
SW of Jurien Bay 
SW of Jurien Bay 


SW of Jurien Bay 


Depth in m 


135 

135 

135 

155 

135 

135 

135 

119 

119 
128—137 
146 

146 

146 

146 

146 

183 

146 
139—146 
139—146 
139—146 
139—146 
139—146 
183 
157.2 
139552 
13-42 
117 

146 

146 

146 

146 

146 

146 

146 

146 


Specimen Type 


Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 
Voucher 


Voucher 
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The proposed phylogenetic tree (Figure 1) shows 
Marshastra loisetteae at present known only from off 
the coast of Western Australia as the putative sister 
taxon to Hoplaster, a clade containing species including 
an Atlantic/South African lineage and a further complex 
throughout the South Pacific region of Tasmania and 
New South Wales to New Zealand. Based on the 
phylogenetic tree, Hoplaster spinosus diversified in 
Atlantic deep-sea settings adjacent to events in the 
South Pacific in the Australian/New Zealand region. The 
tree topology suggests a northward diversification into 
the Atlantic relative to specimens from South Africa, 
but South African specimens were not examined and 
further sampling from this area is desirable. A broadly 
similar pattern was observed among genera within the 
Pentagonasterinae, which showed the South African- 
Atlantic goniasterid 7oraster as the sister clade to 7osia 
and Pentagonaster, which had undergone diversification 
in Australia and Australia-New Zealand, respectively 
(Mah 2007). 


Species patterns among Hoplaster species surveyed 
from Australian and New Zealand seamounts and 
adjacent areas are difficult since localities are 
incompletely sampled. However, O'Hara (2007) tested 
seamount-related diversity hypotheses in the South 
Pacific, surveying a diversity of invertebrate taxa and 
found that although endemic diversity could be high, 
in general they reflected the faunas from surrounding 
areas. Further sampling and understanding of seamount 
habitats will yield further insight into the Hoplaster 
species in this region. 


BATHYMETRIC PATTERNS 


Bathymetric shifts, primarily from shallow to deep- 
water settings, are perceived at different scales among 
Odontasteridae as treated herein. These are largely 
‘onshore-offshore’ trends, as postulated by Jablonski 
and Bottjer (1988) who argued for the origination of 
deep-water lineages from shallow-water taxa. Onshore- 
offshore trends have been reported in asteroids on 
different scales. For example, within the Forcipulatacea 
(Mah and Foltz 2011b), within the deep-sea Brisingida 
(Mah 1998, 1999) as well as within the Goniasteridae 
at the species level (Mah 2005). The opposite, offshore- 
onshore trends (deep-sea settings as the origination 
of shallow-water taxa) have also been observed (Mah 
2007). 


stemward Odontasteridae such as Eurygonias and 
Diplodontias appear to be present 1n Australian and/or 
New Zealand waters 1n relatively shallow water settings 
(0—10 and 0—100 m respectively, as per H.E.S. Clark 
and McKnight 2001). If Marshastra +Hoplaster are 
supported as the sister lineage to Acodontaster species 
(following Janosik and Halaynch 2013), considering 
the more stemward, deep-water Acodontaster capitatus 
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(193—700 m as per A.M. Clark 1962) this would imply a 
shift from shallow-water to deep-water settings for the 
‘untoothed’ +4codontaster odontasterid clade. 


Figure 1 outlines bathymetry patterns among the 
‘untoothed’ Odontasteridae. Marshastra 1s known only 
from continental shelf/margin habitats (e.g. McEnnulty 
et al. 2011) from relatively shallow depths (96—253 m) 
whereas Hoplaster was collected from deeper-water 
settings (730-3310 m). The Atlantic/South African 
Hoplaster spinosus shows the broadest and deepest 
depth distribution (1795-3310 m). The Australian/ 
New Zealand Hoplaster species were collected from a 
slightly shallower depth range (730—2062 m). Hoplaster 
may have diversified at deeper depths relative to the 
shallower water Marshastra. 


Hoplaster kupe was collected from the deepest depth 
(1996—2062 m) and showed greatest number of marginal 
plates (n = 16-19), including much finer spination 
present on abactinal, marginal and actinal surfaces in 
contrast to Hoplaster oloughlini sp. nov. which occurs at 
the shallowest depth (730—1030 m) but displays thicker 
and heavier spination but with fewer marginal plates. 
Calcification of the endoskeleton in these taxa may show 
some association with depth or depth-related factors. 


ORAL PLATE SPINES 


Hoplaster and Marshastra gen. nov. lack the diagnostic 
recurved hyaline tipped oral spine present in other 
odontasterid genera. Although reported as a diagnostic 
character 1n numerous accounts (e.g. Fisher 1910; 
Dearborn 1977; Janosik and Halanych 2013; Pearse 2013), 
the function of this pronounced recurved tooth has never 
been documented. An extensive review of Odontaster 
validus (Pearse 2013) reviewed feeding and ecology but 
with no mention of a specific predatory mechanism. The 
presence of a similar recurved oral spine or 'tooth' in 
other spongivorous asteroids, such as Odontohenricia 
and Pferaster spp. (Rowe and Albertson 1988; Clark and 
Downey 1992 respectively) suggests that such a spine 1s 
relevant to predation, perhaps to assist 1n the scraping of 
sponge tissue into the mouth. 


Phylogenetic accounts (Janosik and Halanych 2013) 
show that Hoplaster occurs 1n a derived position, which 
implies that the oral spine absence is an apomorphic 
or derived loss rather than a plesiomorphic absence. 
Although it is argued here that Hoplaster and Marshastra 
are sister taxa, further evidence could show that 1s not 
the case, and that 1t 1s possible that the absent recurved 
hyaline tooth has a different status 1n Marshastra. 


Two species, Hoplaster clarki and Hoplaster spinosus, 
possess a pair of enlarged oral spines in each interradius, 
with a single spine on each oral plate (Figures 2F, 5B). 
These spines are twice as thick and approximately 
20-30% longer than adjacent furrow and actinal spines 
and are reminiscent of the large, recurved hyaline spine 
present in other odontasterids, especially Diplodontias, 
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which displays two large, recurved spines with hyaline 
tips. Further phylogenetic evidence could result in a 
different topology implying different relationships within 
Hoplaster and the Odontasteridae. Further ecological 
data showing these enlarged oral spines might further 
elucidate their function. 


TAXONOMIC CONCLUSIONS 


== 


. Marshastra loisetteae gen. nov. sp. nov. from Western 
Australia and Hoplaster oloughlini sp. nov. from 
Tasmanian seamounts, both family Odontasteridae are 
described from Australian waters. 


2. Diabocilla McKnight, 2006 is a junior synonym of 
Hoplaster Perrier in Milne-Edwards, 1882. 
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NEW 'TOOTHLESS' ODONTASTERIDAE FROM AUSTRALIAN WATERS 


APPENDIX Morphological character data. 


Morphological data matrix 


"OG: Acodontaster capitatus' 
OG: Chaetaster vestitus' 
Hoplaster oloughlini sp. nov. 
Hoplaster clarki 

Hoplaster kupe - 

Hoplaster spinosus 


Marshastra loisetteae gen. nov. sp. nov. 


Morphological character matrix and character states 


1.1 Abactinal spinelets granuliform 
1.2 Abactinal spinelets 

1.3 Abactinal plate morphology 

1.4 Abactinal spinelet gauge 

1.5 Abactinal accessory type 

1.6 Abactinal spinelet number 

2.1 Marginal plate shape 

2.2 Marginal granules 

2.3 Marginal spinelets 

2.4 Marginal plate number per interradius 
2.5 Marginal spinelet gauge 

3.1 Actinal accessory type 

3.2 Recurved oral spine 

3.3 Oral furrow spines 

3.4 Furrow spine number 

3.5 Subambulacral spines 

3.6 Actinal spine number per plate 
3.7 Actinal spinelet gauge 

4.1 Body shape 


Ü-present, 1-absent 

0-absent spinelets, 1-clavate, 2-denticulate 
Q-flat, I-mound-like, 2-paxillate 

0-fine, 1-heavy, 2-moderate 
0-non-denticulate, 1-denticulate 

0-absent, 1-numerous, 2-moderate 
0-paxillate, 1-mound, 2-blocky 

0-absent, 1-present 


0-absent, 1-non-denticulate, 2-denticulate 
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0001001100120000011 


1220110020001000001 


0011022102121111110 


1112022102221111120 


1112022010211011220 


1110022011011011200 


1210112020011000001 


0-high (15—24), 1-moderate (15—19), 2-low (9—13) 


0-fine, 1-heavy, 2-moderate 

Q-granuliform, 1-pointed spine, 2-blunt spine 
Q-present, l-absent 

0-sıx or so, 1—4 or so 

Q-high (6 or more), 1-low (2-3) 

0-high (20—60), I-low (2—5) 


Q-high (n = 20—100), I-low (n = 1-7), 2-moderate (6—30) 


0-fine, 1-heavy, 2-moderate 


O0-pentagonal to weakly stellate (R/r = 1.1—1.7), 


l-strongly stellate (R/r > 2.1) 
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ABSTRACT - The Inland Hairstreak, Jalmenus aridus Graham & Moulds, 1988, is a Priority 1 listed 
butterfly endemic to Western Australia. It was previously recorded only from its type locality near Lake 
Douglas, 12 km SW of Kalgoorlie; however, a recent mining tenement fauna survey near Kalgoorlie 
uncovered a new breeding site. [he discovery prompted a renewed effort to determine if there were 
additional breeding sites nearby. [his paper details the results of our survey efforts and what we have 
learned about the distribution, preferred habitat, behaviour, and biology of J. aridus during two flight 
seasons. Jalmenus aridus Is now recorded from 10 locations within an area of approximately 5,000 
km? (121 km N-S by 42 km E-W). Their preferred habitat is summarised as open woodland with mature 
Senna artemisioides ssp. filifolia as well as mixed flowering shrubs with open areas of well drained 
exposed ground adjoining the hostplants. The ant Froggattella kirbii (Lowne, 1865) must be present. We 
hope this paper will aid environmental consultants and encourage others to visit the region to further 
broaden the distribution and our knowledge of this elusive butterfly. 


KEYWORDS: Kalgoorlie, Froggattella kirbii, Senna artemisioides filifolia, Acacia tetragonophylla, 
myrmecophily, thermoregulation 


INTRODUCTION 


The Inland Hairstreak, Jalmenus aridus Graham & 
Moulds, 1988 (Lepidoptera: Lycaenidae) is a Priority | 
listed butterfly in Western Australia; Priority taxa are 
‘Possibly threatened species that do not meet survey 
criteria, or are otherwise data deficient, are added 
to the Priority Fauna Lists under Priorities 1, 2 or 3. 


Moulds 1988). It was discovered 1n November 1983 
by Prof. Alan Graham breeding on a single Acacia 
tetragonophylla tree, but soon after its discovery the 
tree died, and the butterflies disappeared (Williams et al. 
1998). Over the following years entomologists regularly 
searched the immediate surrounds and collected several 
specimens on a second A. tetragonophylla tree, a short 


These three categories are ranked in order of priority 
for survey and evaluation of conservation status so 
that consideration can be given to their declaration as 
threatened’ (EPA 2023). Jalmenus aridus was previously 
known only from its type locality near Lake Douglas 
approximately 12 km SW of Kalgoorlie (Graham and 


distance from the original tree, and then from a Senna 
artemisioides ssp. filifolia shrub (recorded as Senna 
nemophila) at 7 Mile Hill approximately 12 km south- 
west of Kalgoorlie and only 1 km from the original 
A. tetragonophylla tree (Williams et al. 1998). As with 
all Jalmenus species that have obligate associations 
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with their attendant ants, J. aridus has a mutualistic 
association with the small dolichoderine ant Frogeattella 
kirbii (Lowne, 1865). When J. aridus larvae feed on 
the flowers and phyllodes of their hostplant the ants 
are in constant attendance (Graham and Moulds 1988). 
The larvae of Jalmenus spp. produce sweet secretions In 
the form of amino acids and sugars from a Newcomber’s 
Organ on the seventh abdominal segment, from which 
the ants feed via trophallaxis (Maschwitz et al. 1975; 
Kitching 1983). In return, the presence of the ants 
protects the butterfly larvae from parasitoids and 
predators. In the wild, Jalmenus larvae may have an 
attrition rate up to 100% without their attendant ants 
(Pierce and Nash 1999). 


Jalmenus aridus are difficult to survey because 
adults are present for only a few weeks each year. 
Most specimen records are In October, but a few are 
recorded in November and one in April (Braby 2000, 
2016). Due to the paucity of baseline data on the species, 
it has been impossible to predict when and where 
they might occur. Consequently, there are no methods 
recommended by the Western Australian Department 
of Biodiversity, Conservation and Attractions (DBCA) 
to survey for the butterfly. The attendant ant F. kirbii 
has a wide distribution throughout open woodland 
areas across all Australian mainland states (Shattuck 
1999) and the two hostplants, A. tetragonophylla and 
S. artemisioides ssp. filifolia both have very broad 
distributions across Western Australia (WA Herbarium 
1998). So, the combined presence of the ants and the 
plants, although critical for the butterfly’s survival, 
cannot be used as the sole indicator for a likely breeding 
site. Regular survey efforts by numerous entomologists, 
including Alan Graham who lived in Kalgoorlie from 
1982 to 2002, have not recorded any additional locations 
for J. aridus in the 40 years since it was discovered. In 
fact, since 1999 only a handful of specimens have been 
collected at the Lake Douglas site, the last one 1n 2011 
( R.P. Weir, pers. comm. 2022). 


While J. aridus was known only from a single site 
it was thought that it may be more widespread but 
difficult to find 1n the vastness of the Western Australian 
arid and semi-arid zones. In October 2021, the chance 
discovery of a large J. aridus breeding site (39 ha) on 
a mining tenement near Kalgoorlie during a baseline 
fauna survey, raised the prospect that the butterfly might 
be more widespread in the Eastern Goldfields region 
despite the lack of contemporary records. As a result, 
a concerted effort, supported by a local mining company 
was undertaken to determine if additional breeding sites 
could be found, particularly 1n areas with some level of 
habitat protection. Here, we describe our efforts to find 
new locations for J. aridus, to document their preferred 
breeding habitat and to learn more about the species' 
biology and behaviour. 


METHODS 


For the purposes of this study, we define a J. aridus 
"breeding site' as a location where the species 1s resident 
and reproducing, and separated from other such sites 
by at least 5 km. We identified the sites by the presence 
of S. artemisioides ssp. filifolia and F. kirbii together 
with J. aridus butterflies including freshly emerged 
adults; and/or female oviposition behaviour on the trunk 
or lower stems of a hostplant; and/or the presence of 
larvae, pupae or pupal exuviae. We consider that these 
assumptions are reasonable, based on known Jalmenus 
spp., behaviour including a spatially patchy distribution 
of breeding sites and adult natal site fidelity (Pierce & 
Nash 1999; Braby 2011). 


Based on our experience, the only realistic method 
to survey for J. aridus breeding sites 1s to search for 
adult butterflies. Searching broadly for immature 
stages (larvae or pupae) 1s not practical since they 
are extremely localised and there are far too many 
S. artemisioides ssp. filifolia hostplants to sample in 
the semi-arid landscape. Timing of our search effort 
was restricted to a period between late September and 
late October based on known flight times as well as 
our observations at the recently discovered site on the 
mining tenement near Kalgoorlie. Field surveys were 
conducted as follows: 


l. Immediately following the initial discovery near 
Kalgoorlie 1n October 2021, several locations 1n the 
surrounding districts were visited opportunistically. 


2. An additional baseline fauna survey on a mine- 
site near Coolgardie, approximately 40 km SW of 
Kalgoorlie, was conducted 1n mid-December 2021. 


3. Between 25 March and 1 April 2022, a planned field 
survey was undertaken to locate potential breeding 
sites with stands of S. artemisioides ssp. filifolia 1n 16 
DBCA managed parks and reserves within a nominal 
100 km radius of Kalgoorlie. A total of 1,600 km was 
traversed by 4WD vehicle and on foot assessing and 
mapping potentially suitable habitat for a follow-up 
survey later 1n the year when it was hoped the adults 
would be flying. 


4. On 10—17 October 2022, a survey covering more 
than 50 km” of the mining tenement adjoining the 
breeding site near Kalgoorlie was undertaken along 
pre-planned transects 1n potential habitat determined 
from existing vegetation mapping. 


5. A final field survey for adult J. aridus 1n potential 
habitats 1dentified during the March survey (see point 
3) was undertaken between 21—27 October 2022. 
Suitable weather was a major consideration and when 
conditions were unsuitable during the survey, a more 
refined habitat assessment was made at selected sites 
to determine if reinspection under more favourable 
conditions was warranted. 


6. The breeding site near Kalgoorlie was also re-visited 
during 21-27 October 2022 to make additional 
observations on J. aridus biology and habitat features. 
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RESULTS AND DISCUSSION 


DISTRIBUTION 


A single specimen reportedly collected on 
Ngaanyatjarra lands approximately 705 km NE of Lake 
Douglas In 1987 (ALA 2023) 1s incorrect. It was based on 
a preserved larva (K255464) in the Australian Museum 
with locality data ‘Australia, Western Australia’ and with 
coordinates of 25°19'41"S, 122°17'54"E (the mid-point 
of Western Australia) with low precision (radius greater 
than 100 km). The coordinates of -26°, 126.0° given on 
ALA 1s close to the western boundary of Ngaanyatjarra 
lands, presumably cited as the nearest community 
under ‘Additional political boundaries information’. An 
additional location recorded incorrectly as 17 Mile Hill on 
specimens collected by Alan Graham 1n 1993 should read 
7 Mile Hill. 


Following the initial discovery near Kalgoorlie, our ad 
hoc surveys in October-November 2021 uncovered two 
additional locations approximately 40 km and 80 km 
from Kalgoorlie, one of which was confirmed as a 
breeding site and adults at the second were likely to 
be breeding nearby. The mining tenement survey 
near Coolgardie in mid-December 2021 also revealed 
another breeding site with adults recorded in two places 
approximately 500 m apart. However, the 50 km” 
survey in early October 2022 on the mining tenement 
adjoining the initial breeding site near Kalgoorlie 
failed to find any additional J. aridus despite extensive 
stands of S. artemisioides ssp. filifolia and F. kirbii ants 
being present. Following the preliminary surveys in 
March, the field surveys within 100 km of Kalgoorlie 
on 21—27 October 2022 uncovered five more breeding 
sites on DBCA managed lands and on additional mining 
tenements. A potential site SW of Coolgardie identified 
in the October 2022 survey was confirmed as a breeding 
site in October 2023. Thus, there are now 10 known sites 
for J. aridus within an area just over 5,000 km? (121 km 
N-S by 42 km E-W). The mean distance between 
closest pairs of J. aridus sites 1s 21 km with a range 
of 6.6—36.6 km. Six of the J. aridus locations were 
within the Eastern Goldfields subregion (C003) of the 
IBRA Coolgardie bioregion (DCCEEW 2020) and the 
remaining four locations were in the adjoining Eastern 
Murchison subregion (MUR01) of the IBRA Murchison 
bioregion (DCCEEW 2020). 


The breeding site on the mining tenement near 
Kalgoorlie covers approximately 39 ha and during four 
visits 1n the first season in 2021 we recorded 114 adults. 
Only one shrub with breeding activity was identified 
with 14 live pupae and several pupal exuviae hidden 
in debris around the base. The follow-up surveys (four 
visits) in October 2022 recorded approximately 120 
adults, 17 pupae, 65 larvae and six additional active 
hostplants on site. Little time was spent exploring the 
other nine regional sites on single visits, but the total 
number of J. aridus recorded was 76 adults plus 2 pupae. 
Butterfly numbers sighted ranged from one to 23 adults 


per site and these numbers appear to be proportional 
to the sampling effort rather than the size of the local 
J. aridus site. The shortest visit was approximately 
15 min and the longest just over 1 h. At least four of 
these sites have the potential to be quite large based on 
data collected so far. Over the two field seasons, 53 adult 
specimens were collected representing all the known 
sites and these are lodged in the Western Australian 
Museum and the Australian National Insect Collection, 
Canberra. Five breeding sites were recorded in DBCA 
controlled land and the remaining five were found on 
mining tenements. We are unable to provide detailed 
location information due to the sensitive nature of the 
findings and to discourage attempts to enter restricted 
and potentially dangerous mining operations. 


PREFERRED HABITAT 


The habitat assessment was continually updated with 
the discovery of each new site and by the end of the 
surveys we were able to 1dentify a breeding site with 
100% accuracy (n = 5) while driving along a road or 
track. Based on our surveys of J. aridus breeding sites 
within 100 km of Kalgoorlie, the preferred habitat for 
J. aridus larvae feeding on S. artemisioides ssp. filifolia 
consists of the following components (in order of 
apparency) (Figure 1): 


l. Open woodland. 


2. A stand of mixed young and mature Senna shrubs 
in an area of 2000 m? or more. Senna shrubs grow 
to 2.5-3.0 m In height and the older plants often have 
enarled or twisted multi-stemmed branching trunks. 


3. A variety of flowering shrubs such as Eremophila, 
Scaveola, and Maireana, which are used as nectar 
sources for adult butterflies. 


4. Some scattered taller vegetation (e.g. Allocasuarina, 
Santalum), which creates wind breaks and sheltered 
microhabitats where adult butterflies congregate. 


3. Open areas of exposed ground as well as 
corridors around the shrubs that J. aridus use for 
thermoregulation and mate location. 


6. Good drainage, especially around the older Senna 
shrubs. 


7. Substrate and soil suitable for the Senna hostplants 
include sandy-loam, clay-loam with or without 
ironstone pebbles, or even a rocky substrate. 
Most breeding sites have been found on clay loam 
on relatively flat ground or adjoining seasonal 
floodplains (n = 7). Two sites were on rocky 
ridges with a hard packed rocky substrate and the 
remaining site was somewhat in between. 


8. Senna shrubs with loose bark and/or debris 
accumulated in forks or on the ground surrounding 
the trunk or around adjoining shrubs. 


9. Presence of F. kirbii ants at the base of the Senna 
shrub. 
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FIGURE1 A-D) Views of Jalmenus aridus open woodland habitats in the Eastern Goldfields region, Western Australia. 
Note the presence of Senna artemisioides ssp. filifolia shrubs, mixed vegetation and exposed ground forming 
flight paths around the hostplants, together with scattered taller vegetation forming windbreaks. Only a few 
flowers remained on S. artemisioides ssp. filifolia by mid-October. 

BEHAVIOUR 


Adults emerge in the morning and by 1000 h they 
are particularly active around their breeding sites on 
warm sunny mornings, but the activity decreases after 
that time. On cold but sunny mornings adults can be 
found perched on the ground thermoregulating on 
heat absorbed by the dark iron stones and red-brown 
soll 1n exposed areas near their hostplants. Depending 
on weather conditions, this behaviour can continue 
throughout the day. Newly emerged males and females 
are found in this situation and copulations may occur 
on the exposed ground or on very short vegetation 
(Figure 2). Males actively patrol near their natal 
hostplants and around low vegetation, especially the 
blue bush (Maireana sp.) in clearings adjacent to their 
hostplants. No obvious territorial sites have been 
observed, but male-male conflict occurs regularly. It 
appears that Jalmenus females release a pheromone 
when about to eclose (Pierce & Nash 1999) since up 
to 10 males were observed patrolling around the base 
of some hostplants. Females were observed probing ın 


erooves and around scars on the S. artemisioides ssp. 
filifolia stems between 100—500 mm from the base and 
were possibly searching for oviposition sites. 


Adults display strong natal hostplant fidelity, so 
they are extremely localised. This can result 1n dense 
accumulations of adult butterflies, with 20 or more 
active in a small clearing near their Senna hostplants, 
but none to be seen only a few metres away from the *hot 
spot’. When clouds obscure the sun, adults are almost 
impossible to find as they crawl down the stems of plants 
to rest where they are well hidden in the shrubbery 
amongst the branches and leaves. As soon as the sun 
emerges, they start flying again. Jalmenus aridus 1s 
quite cryptic, often flying less than 1 m from the ground 
or close to vegetation. Adults may be easily confused 
with several other species flying 1n the same habitat such 
as Nacaduba biocellata (C. Felder & R. Felder, 1865), 
Theclinesthes serpentata (Herrich-Schaffer, 1869), 
T. miskini (Lucas, 1889), Zizina labradus (Godart, 1824), 
and Lampides boeticus (Linnaeus, 1767). 
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FIGURE 2 


Jalmenus aridus in copula on low vegetation near the exposed ground with ironstone pebbles where the 


butterflies thermoregulate during cool sunny mornings. 


BIOLOGY 


During the surveys we found small numbers of 
A. tetragonophylla but no J. aridus adults or early 
stages were associated with the plants. Thus, all our 
behavioural and phenological data are based on J. aridus 
feeding on S. artemisioides ssp. filifolia. 


Observations on the early stages are consistent with 
earlier publications (Graham and Moulds 1988; Braby 
2000). However, some additional observations are 
worth noting. No larvae were recorded feeding on the 
pinnate S. artemisioides ssp. filifolia leaves. Graham 
and Moulds (1988) reported that the larvae “feed in full 
sunshine, eating the flowers and spikey phyllodes of the 
food plant’, but this comment referred to their feeding 
on A. tetragonophylla. Occasionally, larvae were found 
chewing tracks in fresh seed pods even though flowers 
were still present on the hostplant. Larvae were only 
found on older plants between 1.2—2.5 m tall, although 
Braby (2000) reported them being found on young 


plants. Some older hostplants may be shorter in stature, 
but they all have structural features at the base with 
more pupation sites than the younger plants. 


Larvae are not gregarious, but we found up to 30 
larvae feeding singly in inflorescences scattered 
around the periphery of a single S. artemisioides ssp. 
filifolia hostplant. Small larvae are attended by a few 
F. kirbii ants (1—2) but final instar larvae may be 
attended by 10 or more ants (Figure 3). Most final 
instar larvae are predominantly green with contrasting 
longitudinal stripes as described by Graham and 
Moulds (1988); however, we found other colour 
morphs including yellow and brown base colours with 
contrasting markings along the dorsal ridge. Several 
red-brown fifth instar larvae with faint white markings 
were seen searching for pupation sites at the base of the 
hostplants. Pupation sites are chosen opportunistically, 
including borers holes, scars in the trunk, in forks near 
the base of the shrub, under loose bark and in debris 
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FIGURE3 Jalmenus aridus mature larva with attendant 
Froggattella kırbılants on Senna artemisioides 


ssp. filifolia. 


FIGURE4 . Jalmenus aridus prepupa with attendant 
Froggattella kirbii ants in debris near the base 
of Senna artemisioides ssp. filifolia hostplant 


(some debris removed). 
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FIGURE 5 


Jalmenus aridus prepupa with attendant 
Froggattella kırbıl ants on an inflorescence of 
Senna artemisioides ssp. filifolia. 


around the base (Figure 4). Pupae have also been found 
under rocks up to 1 m from the base and in debris 
caught in and around adjoining vegetation. One pupa 
and one prepupa (Figure 5) were found in separate 
inflorescences on the hostplant. Pupae are always 
attached to the substrate by a cremaster and girdle 
and are attended by a few ants (3—4). They usually 
pupate singly, although they may aggregate 1n suitable 
pupation sites. 


Braby (2000) suggested there may be two generations 
of J. aridus annually; however, there appeared to be 
only a single generation on their Senna hostplants 
around Kalgoorlie. The timing of adult appearances 
at different sites can vary depending on local 
environmental conditions and the flowering phenology 
of S. artemisioides ssp. filifolia. For example, adult 
J. aridus may be on the wing 1n mid September or as 
late as early November around Kalgoorlie, whereas 
at a rocky ridge site near Coolgardie in 2022, freshly 
emerged adults were flying in mid-December coinciding 
with the later flowering of their local Senna host plants. 
Complex egg diapause regimes influenced by local 
environmental conditions may contribute to the highly 
irregular appearance of adults in common with other 
Jalmenus species (Sands and New 2002). The record of 
J. aridus occurring 1n April (Graham and Moulds 1988) 
may have been breeding on A. tetragonophylla since we 
found no signs of J. aridus associated with their Senna 
hostplants near Kalgoorlie at the end of March 2022, 
nor on the Senna plants examined during our regional 
survey conducted at the same time. A specimen in the 
WAM collection from the H. Bollam butterfly collection 
but without a collector's name, labelled ‘Kalgoorlie’ 
and dated ‘16 Jan 1983' predates the November 1983 
discovery by Alan Graham and this may have been 
breeding on A. tetragonophylla. It 1s also possible that 
J. aridus has a broader range of hostplants which 1s the 
case for many obligately ant associated butterfly species 
where the primary consideration 1s the species of ant 
associate (Valentine and Johnson 1988; Fiedler 1994; 
Eastwood 1999). 


Based on our observations in the Kalgoorlie area, 
the modal timing of J. aridus life stages feeding on 
S. artemisioides ssp. filifolia 1s presented ın Table 1. 
Peak larval activity is around late September-early 
October but tapers off quickly by mid-October when 
the Senna hostplant 1s mostly finished flowering. Pupae 
are present during October, and adults are generally 
more abundant in mid-October. There is clearly an 
overlap of life stages, suggesting variability in egg 
hatching times. Seasonal variations In the timing of 
rains and warm weather can have significant effects 
on the numbers and timing of J. aridus phenology as 
observed by Graham and Moulds (1988). 
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FIGURE6 Jalmenus aridus adult killed by a jumping 
spider (Salticidae female) at the base of a 
Senna artemisioides ssp. filifolia. 
TABLE 1 
filifolia in the Eastern Goldfields region. 
Time period Life stage 
Mıd-August to early September Eggs start hatching 


End September Most larvae finish feeding 


Early-mid October Pupae start eclosing 


Late October Most pupae eclosed 


Early-mid November Adults finish flying 


Evidence 


Senna bushes starting to 
flower in early-mid August 


Senna bushes starting to 
produce seed pods 


Senna food plant with 

14 live pupae and several 
pupal exuviae in early 
October 


flying in mid-October 


Few butterflies observed in 
early November 


Jumper or bull-ants (Myrmecia spp.) are widespread 
in the Goldfields and were found foraging on 
S. artemisioides ssp. filifolia plants including those with 
J. aridus larvae feeding. No predation was observed, but 
it 1s possible that Myrmecia ants could prey on J. aridus 
larvae as food for their brood. At one site, three male 
J. aridus were killed by jumping spiders (Salticidae) as 
they landed on sticks and on the trunk at the base of a 
S. artemisioides ssp. filifolia shrub (Figure 6). 


CONCLUSIONS 


The discovery of a large breeding site of J. aridus 
on a mining tenement near Kalgoorlie was a watershed 
moment. While it has long been hypothesised that the 
species would likely occur more widely in the Eastern 
Goldfields region based on known biology of other 
Jalmenus spp., J. aridus remained an elusive rarity from 
a remote site in the vast semi-arid landscape of Western 
Australia. The subsequent discovery of additional 
breeding sites has shown that J. aridus is indeed similar 
to other Jalmenus species with specific ecological 
requirements that result in very localised occurrences 
spread over a broad area. 


Our documentation of the preferred habitat for 
J. aridus over two seasons at the 10 recently discovered 
locations enabled us to accurately predict suitable 
breeding sites based on floristics, topography, substrate, 
and other key features such as vegetation structure. 
It 1s hoped that our recent discoveries and preferred 


Modal timing estimates for life stage phenology of Jalmenus aridus feeding on Senna artemisioides ssp. 


Assumptions 


Egg duration = 10—11 months 
(assuming univoltine life cycle) 


Larval feeding and growth 
through to fifth instar = 17 
days. Estimate based on data 
in Graham and Moulds (1988), 
prepupa = 2 days 


Based on the numbers and 
condition of adult butterflies and 
the numbers of eclosed and live 
pupae it was estimated about 
50-70% of adults had emerged by 
mid-October 


Many freshly emerged adults Pupal duration = 20 days 


(Graham and Moulds 1988) 


Life span of adults = 10—12 days 
(estimated) 


DISTRIBUTION AND PREFERRED HABITAT OF JALMENUS ARIDUS 75 


habitat description will aid environmental consultants in 
identifying and protecting J. aridus breeding sites and 
encourage others to spend time in the Eastern Goldfields 
region to further broaden the distribution and our 
knowledge of this elusive butterfly. 
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ABSTRACT - Four species of the serpulid polychaete Rotulispira are described trom Late Cretaceous 
Strata In the Perth and Southern Carnarvon basins in Western Australia. New species described are 
hotulispira glauerti sp. nov. and Rotulispira aplarla sp. nov., from late Santonian to early Campanian 
chalks, and Aotulispira protea sp. nov. trom a late Maastrichtian marl. Rotulispira glauerti and A. apiaria 
sometimes formed a commensal relationship with the hydroid Protulophila gestroi Rovereto, 1901. 
This is the first record of hydroids trom the Cretaceous of Australia. Distribution of the hydroids on 
the serpulid tubes, combined with the location of gastropod predatory incisions on A. protea, allow an 
assessment to be made of the likely life orientation of these species. Rotulispira protea is remarkable 
for the extremely high levels of phenotypic plasticity that it displays. Severe environmental stress Is 
known to induce increased levels of phenotypic plasticity in living organisms. This phenomenon in 
hotulispira suggests that severe environmental stress might have been a contributory factor in the end- 


Cretaceous mass extinction event. 


KEYWORDS: Polychaeta, Serpulidae, mass extinction, phenotypic plasticity, environmental stress, 


Cretaceous, Australia 
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INTRODUCTION 


A number of species of serpulid polychaete worms 
long assigned to Rotularia (s.l) are known from the 
Late Jurassic to the Late Eocene (Savazzi 1995; Vinn 
2008; Astibia et al. 2016; Hasan Vand et al. 2018; Elorza 
and Astibia 2018, 2020), and are relatively common 
components of many Cretaceous marine faunas. These 
polychaetes all inhabited a spiral calcareous tube and 
had a worldwide distribution. They lived primarily in 
shallow marine sediments, and are most commonly 
found in relatively fine-grained sediments, such as 
chalks, greensands and clays. Unlike many other 
serpulids, shell growth in these ‘rotulariids’ followed a 
developmentally more controlled growth programme, 
resulting in the characteristic tightly-coiled spiral tube, 
with a straightened terminal shaft. The coils can be 
planispiral, trochospiral, or both. 


There has been ongoing debate in the literature about 
how this suite of spiral-tubed serpulids, as typified by 
Rotularia and Rotulispira, with their apparent free, 
unattached habit, were orientated on or within the 
sediment. Savazzi (1995) favoured a lifestyle with 


the coiled tubes lying on the sediment surface. This 
orientation, along with the extended terminal tubes, he 
argued, provided a ‘snowshoe’ function, diminishing 
the risk of the animal sinking into the sediment. It thus 
functioned as a reclining suspension feeder. Seilacher 
et al. (2008), on the other hand, favoured an orientation 
with the final tube acting like a chimney, and pointing 
vertically out of the sediment, into which the rest of the 
tube was partially buried. 


Prior to this study, no species of Rotulispira had been 
described from Australia. One of the four species of this 
genus described in this paper has, for over a century, 
been compared with a form from the Aptian Toolebuc 
Limestone in Queensland which was described on the 
basis of a single slab covered by numerous specimens. 
Etheridge (1907) described this species as Spirulaea 
gregaria. Subsequently it became regarded as a species 
of Rotularia (Regenhardt 1961) or, more recently, 
Rotulispira (Jager 2004, p. 210). Etheridge (1913) 
considered a form from the Late Cretaceous Gingin Chalk 
in the Perth Basin in Western Australia as conspecific 
with the Queensland species. Since that time no further 
studies of the polychaete fauna of the Late Cretaceous of 


THE SERPULID POLYCHAETE ROTULISPIRA 


Western Australian have been undertaken and subsequent 
references to this form have followed Etheridge’s species 
assignment (e.g. McNamara et al. 1993). 


Extensive collecting from Late Cretaceous deposits 
in Western Australia, mainly in the last three decades 
of the twentieth century, has revealed a much greater 
range of forms than previously recognised. Two species, 
including the form Etheridge (1913) considered to be 
Spirulaea gregaria, have been recognised In the Gingin 
Chalk in the Perth Basin and are herein assigned to 
Rotulispira. In the Southern Carnarvon Basin the 
same pair of species is found in the contemporaneous 
Toolonga Calcilutite, although the frequency of 
occurrence of the different species varies greatly 
between the two lithostratigraphic units. Two further 
species of Rotulispira are described from the younger 
Mırıa Formation. 


Rotulispira was originally described as Praerotularia, 
a subgenus of Rotularia, proposed by Lommerzheim 
(1979). Jager (1993) subsequently demonstrated that 
R. (Praerotularia) was synonymous with Rotulispira 
Chiplonkar and Tapaswi, 1973. The rationale for this 
decision, which 1s followed herein, is discussed in more 
detail below. I follow the recent practice of regarding 
Rotulispira as being of generic status (Ippolitov et al. 
2014). Interestingly, species assigned by Lommerzheim 
(1979) to Praerotularia (now Rotulispira) became very 
rare in the northern hemisphere from the Turonian 
through to the Maastrichtian (Jager 1993), a period 
when they are particularly common in Western 
Australia. Despite the presence of extensive Paleocene 
and Eocene carbonates in the Southern Carnarvon 
Basin, neither Rotulispira, nor Rotularia have, to date, 
been found in these younger deposits. 


A characteristic feature of the species of Rotulispira 
described herein is the large difference in extent of 
phenotypic plasticity exhibited by the four species, with 
little being shown by the two older species, but extremely 
high levels in the two species occurring in the late 
Maastrichtian Miria Formation. This is despite Rotularia 
and Rotulispira possessing the most rigid developmental 
programmes of any serpulids (Seilacher et al. 2008). 
The extent to which this is a phenotypic manifestation 
of environmental conditions pertaining at the end of the 
Cretaceous 1s examined, as it potentially has a bearing 
on the causative agents of the end-Cretaceous mass 
extinction. The rationale behind this approach derives 
from research on a range of living organisms that has 
shown that there is a strong causal link between severe 
environmental stress and elevated levels of phenotypic 
plasticity (Bretsky and Lorenz 1969; Parsons 1987, 1989, 
1993; Holloway et al. 1990; Hoffman and Parsons 1991; 
Hoffman and Hercus 2000; Stanton et al. 2000; Badyaev 
2005). Furthermore, as stress levels increase, so does the 
likelihood of extinction. 
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Some of the species of Rotulispira from the Western 
Australian Late Cretaceous deposits show evidence of 
bioclaustration, in which the hydrozoan Protulophila 
gestroi Rovereto, 1901 lived commensally with the 
serpulids. This 1s the first time that this phenomenon 
has been described from the fossil record 1n Australia. 
The distribution of the hydroids on the serpulid tubes 
is examined, in conjunction with an assessment of the 
distribution of predatory incisions In one of the species 
of Rotulispira, and their relevance to the mode of life of 
Rotulispira 1s investigated. 


GEOLOGICAL SETTING 


GINGIN CHALK 


Late Cretaceous deposits In Western Australia are 
confined to the Perth and Southern Carnarvon basins 
(Figure 1). In the Perth Basin they are characterised 
by a mixture of greensands and glauconitic chalks, 
in lithostratigraphic order from the lowest unit, the 
Molecap Greensand, which is conformably overlain 
by the Gingin Chalk, followed by the Poison Hill 
Greensand (Figure 2). Specimens of Rotulispira 1n the 
Perth Basin are confined to the Gingin Chalk. This 
is a unit of chalk and chalky marls, which are often 
glauconitic, especially 1n the upper part. The formation 
outcrops intermittently over a distance of about 90 km 
between Gingin in the south and Dandaragan in the 
north. The type section, at McIntyre Gully in Gingin, 
80 km north of Perth, 1s about 22 m thick (Feldtmann 
1963). It contains numerous burrowed omission 
surfaces, and the lower part 1s a sandy glaucontic marl, 
with some phosphatic intraclasts (Gale et al. 1995). 
The basal part 1s known to be of Santonian age on the 
basis of the presence of Uintacrinus socialis 1n the lower 
4 m, followed by 2-2.5 m with Marsupites testudinarius 
(Feldtmann 1963). A Campanian age for the upper part 
is shown by the incoming of Broinsonia parca 1 m 
below the top (Shafik 1990; Haig 2002). Evidence from 
ostracods (Ballent and Whatley 2007) suggests that the 
Gingin Chalk was a relatively warm water deposit (with 
a minimum at 10°C) laid down on a shallow shelf at a 
depth of about 100 m. 


The fauna 1s dominated by bivalves (Feldtmann 
1951, 1963), ın particular /noceramus, and brachiopods 
(Craig 1999) and to a lesser extent cirripedes, 
crinoids, ammonites, sponges (Buckeridge 1983), 
sharks (McNamara et al. 1993) and corals (Jell et al. 
2011), along with rare echinoids (McNamara 1986). 
Rotulispira occurs throughout this unit, as does another 
serpulid, Orthoconorca pyramidale (Etheridge, 1913). 
The dominant Rotulispira species 1s R. glauerti sp. nov., 
with much rarer occurrences of R. apiaria sp. nov. 
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TOOLONGA CALCILUTITE 


Carbonates are far more extensively developed, 
both geographically and temporally, in the Southern 
Carnarvon Basin, which lies to the north of the Perth 
Basin (Figure 1). The lateral equivalent of the Gingin 
Chalk in the Southern Carnarvon Basin to the north 
is the Toolonga Calcilutite which, like the Gingin 
Chalk, forms the first carbonate unit in the Cretaceous 
sequence of this area (Lynch 1991). This unit is far 
more extensive in areal extent than the Gingin Chalk, 
outcropping sporadically from near Kalbarri in the south 
to the Giralia Range, some 600 km to the north, and 
ranging In age from mid-Coniacian to early Campanian 
(see Haig 2002). As Gale et al. (1995) have pointed out, 
the Toolonga Calcilutite is a true chalk, being composed 
mainly of calcareous nannofossils and foramuinifers. 
The type section on the north side of the Murchison 
River 1s 26 m thick (Johnstone et al. 1958). Both 
Uintacrinus socialis and Marsupites testudinarius are 
present in the lower part of the unit, indicating an Upper 
Santonian age for the lower part of the section in the 
Kalbarri region. Young (2016) documented Uintacrinus 
socialis over a thickness of almost 4 m, overlain by a 
sequence 2 m thick with Marsupites testudinarius. 
Rotulispira, especially R. apiaria, 1s particularly 
common in the Marsupites testudinarius zone. 
The associated fauna 1s dominated by broken plates of 
large species of /noceramus and the ostreid Pycnodonte 
vesiculare (Darragh and Kendrick 1991), with minor 
brachiopods (Craig 1999) and echinoids. 


The upper part of the section, from immediately above 
the Marsupites testudinarius zone, shows a marked 
lithological change, involving the appearance of chert 
nodules, which increase in concentration up the section, 
and the development of a more marly chalk. With this 
lithological change there is also a faunal change, with 
the abundant /noceramus disappearing and the ostreids 
becoming rarer. Cirripedes, which are rare 1n the lower 
part of the section, increase 1n abundance. Rotulispira 1s 
still present, but species abundances change markedly, 
with K. glauerti being almost as common as R. apiaria. 
Specimens of Rotulispira with the commensal hydroid 
Protulophila gestroi Rovereto, 1901 appear at slightly 
higher levels within this part of the section, about 5 m 
above the top of the Marsupites zone. This 5 m of strata 
is also characterised by the presence of the ammonite 
aptychus Spinaptychus, a form hitherto not recognised 
in the Cretaceous of Australia. The disappearance 
of Marsupites testudinarius below this level, and the 
occurrence of Broinsonia parca in the upper part of the 
Toolonga Calcilutite indicates an early Campanian age 
for this part of the section (Lynch 1991; Gale et al. 1995). 
Howe et al. (2000) have suggested that the Toolonga 
Calcilutite was deposited In water depths in excess of 
100m during the Santonian and early Campanian. 
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FIGURE1 Map of the south-western Western 


Australian coastline showing the three 
principal collecting localities: Gingin in the 
Perth Basin and Kalbarri and the Giralia 
Range in the Southern Carnarvon Basin. 


MIRIA FORMATION 


The youngest unit in which species of Rotulispira 
have been found In the Southern Carnarvon Basin is the 
Mırıa Formation. This is a thin unit that outcrops in the 
Giralia Range immediately south of Exmouth Gulf. It 
consists of a cream calcarenite 0.6—2.0 m thick and 1s 
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FIGURE 2 


Chart showing the stratigraphic distribution of species of Aotulispira in the Late Cretaceous of the Perth and 


southern Carnarvon basins. Thickness of species’ range lines indicative of relative abundance of the taxa. 


underlain by the Korojon Calcarenite, which overlies the 
Toolonga Calcilutite (Figure 2). The Korojon Calcarenite 
is composed mainly of broken, large /noceramus 
fragments. The junction between this unit and the Miria 
Formation is marked by a massive phosphatic horizon. 
Phosphatic grains and nodules are locally abundant 
within the Miria Formation, and much of the rich fossil 
assemblage consists of phosphatic steinkerns (Henderson 
and McNamara 1985a). The dominant polychaete 1s 
Rotulispira protea sp. nov. The beds also contain one of 
the richest late Maastrichtian marine invertebrate faunas 
in the world with nearly 100 species of molluscs having 
been described — 30 species of ammonites (Henderson 
and McNamara 1985b; Henderson et al. 1992), 30 species 
of bivalves (Darragh and Kendrick 1991), 35 species 
of gastropods (Darragh and Kendrick 1994) and one 
species of scaphopod (Darragh and Kendrick 1994) 
— along with 14 species of corals (Jell et al. 2011) and 
four species of brachiopods (Craig 1999). The unit is 
considered to be of late Maastrichtian age, occurring 
in the Abathomphalus mayaroensis zone (Shafik 1990). 
The Miria Formation is disconformably overlain by the 
Paleocene Boongerooda Greensand. 


MATERIAL EXAMINED 


Specimens used in this study are housed in the 
collections of the Western Australian Museum, Perth 
(WAM); Australian Museum, Sydney (AM) and the 
Sedgwick Museum, University of Cambridge (CAMSM ). 


SYSTEMATIC PALAEONTOLOGY 


Class Polychaeta Grube, 1850 
Family Serpulidae Rafinesque, 1815 
Genus Aotulispira Chiplonkar and Tapaswi, 1973 


Rotularia (Praerotularia) Lommerzheim, 1979: 174. 


TYPE SPECIES 


Rotulispira stoliczkai Chiplonkar and Tapaswi, 1973 
by original designation. 


REVISED DIAGNOSIS 


Planıspıral to trochospiral coiling, with ornament of 
fine to coarse transverse lirae or rugosities. Tube with 
circular cross section, lacking keels. 


REMARKS 


The polychaete Rotulispira 1s characterised by its 
possession of a calcareous tube that forms a regular, 
tight coil and which carries an ornamentation of 
transverse lirae or rugosities. The early whorls are 
often not preserved, but when they are, as In some of 
the late Maastrichtian material described herein, they 
can be seen to be either uncoiled, or loosely coiled. 
Subsequently the tubes form either an evolute or an 
involute coil. They may be planispiral or trochospiral 
or both. The final portion of the tube is directed 
tangentially away from the shell, as in related forms 
previously all placed in Rotularia (s.l, and may be 
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straight or gently curved (see Savazzı 1995, Fig. 31). The 
surface sculpture is variable between, and sometimes 
within, species, varying from fine, transverse lirae, to 
coarse irregular callosities. While in most species the 
nature of the coiling and the sculpture show relatively 
little intraspecific variation, and are useful in species 
characterisation, in other species these features show 
much wider ranges of variation. 


Rotularia (s.l. has been subdivided into four 
subgenera: R. (Rotularia), R. (Praerotularia), 
R. (Austrorotularia) and R. (Tectorotularia). These 
subgenera have since been raised to generic status 
(Jager 2004; Ippolitov et al. 2014). Rotularia (s.s.) 
comprises species that range in age from the Danian 
to the Late Eocene and are characterised by a general 
lack of transverse ornament, and presence or absence 
of keels. Austrorotularia Macellari, 1984 ranges from 
the Kimmeridgian to Maastrichtian, has a tricarinate 
keel in all growth stages, and often the development of 
external callosity. The forms assigned to Praerotularia 
Lommerzheim, 1979 probably comprise only Cretaceous 
species (Jager 1993) that are characterised by the 
possession of large tubes with transversely wrinkled 
surfaces, either with or without longitudinal ornament. 
Tectorotularia Regenhardt, 1961 is a Hauterivian to 
Maastrichtian group of species with a planar spiral and 
quadrangular to hexangular cross section. 


Prior to Lommerzheim’s (1979) study, Chiplonkar 
and Tapaswi (1973) described a new Rotularia-like 
genus of serpulid from the ?Maastrichtian of India that 
they called Rotulispira. They distinguished this form 
from Rotularia on the basis of the final, straightened 
part of the tube, arguing that the walls of the tube 
did not thicken, as In species of Rotularia, and that 
neither was the tube cemented to the preceding whorls. 
As Jager (1993) has pointed out, these are very dubious 
characters on which to separate this form from Rotularia 
(s.l.). This 1s particularly so given that Vinn (2008) has 
shown that in the type species of Rotularia, R. spirulea, 
the tube is actually relatively thinner at the tube 
opening. Even so, because of the presence of transverse 
wrinkles and a tube with a circular cross section, the 
form described by Chiplonkar and Tapaswi (1973) can 
readily be accommodated within the group defined as 
R. (Praerotularia) by Lommerzheim (1979). However, 
the name Rotulispira, proposed by Chiplokar and 
Tapaswi (1973) takes precedence over Praerotularia. 


Interestingly, despite species of Austrorotularia being 
largely restricted to the Southern Hemisphere (Macellari 
1984), none of the four species described herein from 
the Late Cretaceous of Western Australia belongs in 
this subgenus. All species possess tubes with a circular 
cross section and ornament consisting of transverse lirae 
or rugosities. As such, they can all be accommodated 
within Rotulispira. As Jager (1993) has observed, 
forms assigned to this genus compose the ‘main line’ 
of Cretaceous forms formerly referred to Rotularia, 
Rotulispira being the most speciose of these genera. 
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Rotulispira glauerti McNamara, sp. nov. 
Figure 3 


urn:lsid:zoobank.org:act:DF253CSE-5D3A-4560-A512- 
1D8F03729359 


Serpula bognoriensis Sowerby; Etheridge 1907: 38. 


Serpula sp. cf. S. (V) concava Sowerby; Glauert 1910: 
123. 


Spirulaea gregaria Etheridge; Etheridge 1913: 13, pl. 1, 
figs 1—7; Feldtmann 1963: 102. 


Serpula ampullacea Sowerby; Glauert 1925: 9, 11. 


Rotularia (Rotularia) gregaria (Etheridge); Regenhardt 
1961: 99, pl. 8, fig. 9; Macellari 1984: 1104. 


Spirulaea (Tubulostium?) gregaria Etheridge; Feldtmann 
1963: 105. 


Rotularia gregaria (Etheridge); Playford et al. 1976: 188; 
Lommerzheim 1979: 175; McNamara et al. 1993: 10, 
figs 36-37); Jager 2004: 142. 


MATERIAL EXAMINED 


Holotype 


Australia: Western Australia: WAM 07.255 from the 
Gingin Chalk, Gingin (Figure 3A-C). This specimen 
was figures as Spirulaea gregaria Etheridge, 1907 by 
Etheridge (1913, pl. 1, fig. 2). 


Paratypes 


Australia: Western Australia: WAM 74.1286a—d,k,p 
from the Gingin Chalk, quarry on One Tree Hill, Gingin 
(Uintacrinus socialis zone, late Santonian). 


Other material 


Australia: Western Australia: Gingin Chalk: WAM 
2423, 3997 (3 specimens), 4719—4725, 5324—5328, 5402, 
68.582, 68.655 (11), 71.494 (10), 74.1286 (95) (excepting 
those listed above as paratypes), 75.1202 (20) from 
same locality and horizon as the paratypes; WAM 
92.670 (5), quarry on Molecap Hill, Gingin (Marsupites 
testudinarius) zone, late Santonian; 6190, 68.585, 68.669 
(2), 74.1257 (7), 87.333 (2), lower part of McIntyre 
Gully, Gingin (late Santonian); WAM 74.1308, 76.2248 
(3, Spring Gully, Gingin; WAM 76.2255 (9), near 
Ginginup Spring, Gingin; WAM 62.201 (4), quarry 
behind cemetery, Gingin; 10091 (14) 63.113 (3), ‘Gingin’; 
WAM 78.4449 (2), 79.2305, gully NNW of “VVandılla” 
Homestead, Dandaragan; WAM 80.1304, gully Ikm NE 
of Kayanaba Homestead, Dandaragan. 


Toolonga Calcilutite: Meanarra Hill, Kalbarri, WAM 
91.866, 98.247, 2023.16; WAM 6680, Murchison House 
Station; WAM 7290-1, Thiridine Bluff, 6.4—8.0 km 
NNE of Murchison House Station. 
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10 mm 


Rotulispira glauerti sp. nov. A-C, holotype WAM 07255 from Gingin, Western Australia, Gingin Chalk: A) ventral; 


B) dorsal; C) lateral views. D-F paratype WAM /4.1286a from One Tree Hill, Gingin, Western Australia, Gingin 
Chalk: D) ventral; E) dorsal; F) lateral views. G-İ, paratype WAM 74.1286c from One Tree Hill, Gingin, Western 
Australia, Gingin Chalk: G) ventral; H) dorsal; |) lateral views. J-L, paratype WAM 74.1286b from One Tree Hill, 
Gingin, Western Australia, Gingin Chalk: J) ventral; K) dorsal; L) lateral views. M-O, paratype WAM 74.1286d 
trom One Iree Hill, Gingin, Western Australia, Gingin Chalk: M) ventral; N) dorsal; O) lateral views. 


STRATIGRAPHIC RANGE 


Late Santonian (Uintacrinus socialis and Marsupites 
testudinarius zones) to Early Campanian. 


DIAGNOSIS 


Planispiral to weakly trochospiral. Last whorl 
generally planispiral, on same plane as final straight 
part. Umbilicus relatively wide. Cicatrix of early 
attachment small. Tube usually thin, with fine, closely 
spaced transverse lirae, and occasional thick lirae; 
evolute to weakly involute. 


DESCRIPTION 


Maximum known diameter of spiral 1s 21.3 mm. 
Spiral varies between planispiral and trochospiral, with 
height of spiral being about 30% of maximum width 
in planispiral specimens, increasing to 50% in most 
trochospiral specimens, with a few up to 55%; the mean 
for all specimens is 40% (Figure 4). Spiral has just 
over three whorls, before forming an uncoiled, straight 
final part (Figure 3A,D,G,J). Last whorl invariably 
planispiral, even though first two may be trochospiral. 
Final part generally lies on same plane as last whorl. 
Almost all sinistrally coiled, with just 1% dextral. 
Umbilicus relatively wide, 35—50% of maximum spiral 
width (Figure 4). Whorls of spiral are moderately 
cemented together; evolute to weakly involute, 
overlapping earlier whorls by up to about one-third 


their width. Cicatrix representing attachment site of 
earliest whorls small, varying between 2.3 and 3.3 mm 
in width (mean of 2.7 mm; n = 7). 


Tube diameter gradually increases, but becoming 
relatively wider 1n last half whorl. Straight part of whorl 
of even width or slightly decreases toward the aperture. 
Final tube width occupies 25—45% of maximum spiral 
diameter, average being 35%. Tube ornamented by very 
closely spaced, well-defined, transverse lirae (Figure 
3A,E,K). Periodically much thicker lirae are present, at 
irregular intervals, particularly on the mature part of the 
spiral (Figure 3A,G). Cross section of tube 1s circular, 
the tube wall being very thin in 80% of specimens. In 
other 20% walls thicker, up to nearly one third of tube 
diameter. 


REMARKS 


For nearly 90 years the common spiral serpulid found 
in the Gingin Chalk and occasionally in the Toolonga 
Calcilutite has been referred to generally either as 
Spirulaea gregaria (e.g. Etheridge 1907) or Rotularia 
gregaria (e.g. McNamara et al. 1993). Examination of 
the type material (AM F10345) of Etheridge’s species 
(consisting of a single slab covered by In excess of 200 
specimens from the Early Cretaceous of Queensland — 
see Etheridge 1907, plate 57) reveals that the two forms 
are not conspecific. While both the Western Australian 
and Queensland forms possess a tube with a circular 
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H. protea R. glauerti 


R. apiaria 
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Umbilical width/total width 


R. protea 


R. apiaria R. glauerti 


Box plots of: A) height/width ratio in Rotulispira protea (n = 51, mean = 0.448, S.D. = 0.167), Potulispira apiaria 


(n = 51, mean = 0.613, S.D. = 0.066) and Rotulispira glauerti (n = 51, mean = 0.363 S.D. = 0.072): B) umbilical 
width/total width ratio in Rotulispira protea (n = 50, mean = 0.349, S.D. = 0.169), Rotulispira apiaria (n = 50, 
mean = 0.325, S.D. = 0.032) and Rotulispira glauerti (n = 50, mean = 0.430 S.D. = 0.045). Central box extends 
from 25th to 75th percentiles, line extends to 10th and 90th percentiles. 


cross section and transverse lirae, the Queensland 
specimen has developed distinct longitudinal grooves 
on either side of the keel, suggesting that it belongs in 
Tectorotularia (Jáger 1993, p. 87). Moreover, it has a 
more slender whorl, this being particularly evident 1n the 
straight, final shaft, which has a diameter only about one 
quarter of the spiral width and 1s usually gently curved; 
it is always a low trochospiral shape, never planispiral; it 
has weaker transverse lirae; and has a slightly narrower 
umbilicus than R. glauerti. 


The type species of Rotulispira, R. stoliczkai 
Chiplonkar and Tapaswi, 1973, 1s, unfortunately, known 
only from a poorly illustrated single specimen from a 
'sandy limestone' from the Campanian to Maastrichtian 
Ariyalur Group in southern India (Chiplonkar and 
Tapaswi 1973, pl. 11, figs 2, 12). It would appear to be 
more tightly coiled and trochospiral than R. glauerti. 


Rotulispira glauerti can be distinguished from 
Rotulispira spirulaeoides (Glaessner, 1958), from the 
Cenomanian of Papua New Guinea in having whorls 
that are broadly rounded throughout, lacking the 
shallow, longitudinal grooves on either side of the keel; 
having a wider umbilicus and a thinner tube wall. The 
Western Australian species differs from Rotulispira 
chathamensis (Boreham, 1959) from the early to mid- 
Cretaceous of Chatham Islands 1n having a much wider 
umbilicus, narrower tubes, less callosity on the later 
whorls, as well as the lack of longitudinal grooves. 
Rotulispira concava (J. Sowerby, 1813) from the Albian 
Upper Greensand of southern England has thicker shell 
walls, more callosity and coarser lirae. 


Rotulispira phillipsi (Roemer, 1841) from the Speeton 
Clay (C beds) of Early Cretaceous Hauterivian age in 
Yorkshire, England, has more strongly developed rugosity 
with a thicker tube than R. glauerti. Moreover, it has 
a more variable spiralling pattern, being generally far 
more trochospiral. Its coiling 1s much weaker, resulting 


in a wider umbilicus. Also, whereas R. glauerti has a 
consistent direction of coiling, with all bar 1% showing 
dextral coiling, in K. phillipsi 57% show dextral coiling 
and 43% sinistral (n = 21) (based on specimens CAMSM 
B11742—50, 53323-53330, 53332, 53334-53336). 


ETYMOLOGY 


Named after Ludwig Glauert, former Keeper of 
Geology and Ethnology, Curator and then Director 
of the Western Australian Museum, In recognition of 
his contribution to Western Australian palaeontology, 
and for collecting many of the specimens used in the 
description of this species. 


Rotulispira apiaria McNamara, sp. nov. 
Figure 5 


urn:Isid:zoobank.org:act:1905E485-BC70-4131-96AC- 
7/7/4FAC8FC3DF 


Serpula gregaria Etheridge; Clarke and Teichert 1948: 
39. 


Serpula fluctuata Sowerby; Lynch 1991: 105. 


MATERIAL EXAMINED 


Holotype 


Australia: Western Australia. WAM 78.933a from 
the late Santonian (Marsupites testudinarius Zone) 
Toolonga Calcilutite, Meanarra Hill, Kalbarri (Figure 
5A—C ). 


Paratypes 


Australia: Western Australia: WAM 75.186a, 
91.865a—c from the same horizon and locality as the 
holotype. 
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Other material 


Australia: Western Australia: Toolonga Calcilutite: 
WAM 67.296 (3 specimens), 74.1179 (47), 75.18 (16), 
78.933 (8), 79.2908 (26), 79.2909, 80.1016 (18), 84.1750 
(7), 88.247 (2), 88.317 (4), 91.865 (27), 91.870, 97.710 (3), 
98.246 (4), Meanarra Hill, Kalbarri; WAM 88.199 (2), 
886.205 (2), 88.222, 88.283 (3), Murchison House Station, 
I km N of Yalthoo Bore; WAM 6680-3, 82.2569 (2), 
88.874 (2), 94.304 (2), Murchison House Station; WAM 
87.619 (8) Yaringa Station, Shark Bay. 


Gingin Chalk: WAM 87.331, McIntyre Gully, Gingin, 
WAM 76.2234, gully south of Ginginup Spring, Gingin. 


STRATIGRAPHIC RANGE 


Late Santonian (Uintacrinus socialis and Marsupites 
testudinarius zones) to Early Campanian. 


DIAGNOSIS 


Initially planispiral, becoming strongly trochospiral, 
average mean height slightly more than half spiral 
width. Umbilicus relatively narrow. Cicatrix of early 
attachment relatively large. Tube robust, moderately 
involute, usually thick, with fine, closely spaced, gently 
curved transverse lirae and occasional thick rugosities. 


FIGURE 5 
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DESCRIPTION 


Maximum diameter of spiral 25.0 mm. Initially 
planispiral for at least the first one-and-a-half whorls 
up to a diameter of about 6 mm; then becomes strongly 
trochospiral (Figure 5), with height of spiral varying 
about 50-75% of maximum width, with an average 
of 60% (Figure 4A); apical angle in later whorls 
60—70?. Spiral has up to three-and-three-quarter 
whorls, before forming uncoiled, straight final part. 
Last whorl continues trochospiral pattern of the previous 
whorls by still curving slightly upward. Therefore, 
straight final part, although growing away from final 
whorl in a horizontal direction instead of continuing 
slight upward-directed trend of the trochospiral, lies 
on a somewhat higher level than most of last whorl. 
All sinistrally coiled. Umbilicus relatively narrow, 
22—40% of maximum spiral width (Figure 4B). 
Whorls of spiral moderately involute with later whorls 
tightly coiled and strongly overlapping earlier whorls, 
sometime completely enveloping them. Cicatrix 
representing attachment site of earliest whorls relatively 
large, varying between 3.5 and 8.7 mm in width (mean 
of 5.6 mm; n= 16). 

Tube robust; diameter gradually increases but 
becomes particularly wider in last half whorl. Straight 
part of whorl of even width or slightly decreases 
toward aperture. Final tube width occupies 35-55% 
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hotulispira apiaria sp. nov. A-C, holotype WAM 78.933a from Meanarra Hill, Kalbarri, Western Australia, 


Toolonga Calcilutite: A) ventral; B) dorsal; C) lateral views. D-E paratype WAM 91.865a from Meanarra Hill, 
Kalbarri, Western Australia: D) ventral; E) dorsal; F) lateral views. G-I, paratype WAM 91.865b from Meanarra 
Hill, Kalbarri, Western Australia: G) ventral; H) dorsal; |) lateral views. J-L, paratyoe WAM 75.186a: J) ventral; 
K) dorsal; L) lateral views. M-O, paratype WAM 91.865c from Meanarra Hill, Kalbarri, Western Australia: 


M) ventral; N) dorsal; O) lateral views. 
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of maximum spiral diameter, with an average of 42%. 
Tube ornamented by very closely spaced, well-defined, 
gently curved transverse lirae. Occasionally much 
thicker lirae are present, at irregular intervals (Figure 5). 
The tube 1s circular, the tube wall being very thick, up to 
nearly one-third of tube diameter. 


DISCUSSION 


Rotulispira apiaria can be distinguished from the 
contemporaneous R. glauerti in a number of ways. 
It has relatively larger and more robust whorls that 
form a tighter, more involute whorl than in R. glauerti. 
Its predominantly trochospiral form, with initial 
planispiral coiling, is in contrast to R. glauerti which 
either has planispiral coiling throughout or has initial 
trochospiral coiling before becoming planispiral. Coiling 
is tighter in R. apiaria, resulting in a smaller umbilicus. 
This is further enhanced by the greater width of the tube 
in later whorls. Furthermore, the final, straight portion of 
the tube is at a lower plane than the preceding last coiled 
part of the tube. The tube walls are invariably thick in 
R. apiaria, whereas they are usually thin in K. glauerti. 


Of other predominantly trochospiral species of 
Rotulispira, R. apiaria differs from Rotulispira phillipsi 
(Roemer, 1841) from the Speeton Clay Formation (C beds) 
of Early Cretaceous Hauterivian age in Yorkshire, 
England, 1n its weaker rugosity; more consistent 
trochospiral coiling, unlike R. phillipsi which varies 
from strongly trochospiral to almost planispiral; tighter 
coiling, so narrower umbilicus; and more consistent 
direction of spiralling. As noted above, 57% of 
specimens of R. phillipsi show dextral coiling, the rest 
sinistral, whereas in K. apiaria all known specimens are 
sinistrally coiled. 


Rotulispira apiaria differs from the type species 
R. stoliczkai Chiplonkar and Tapaswi, 1973 from the 
Campanian to Maastrichtian Ariyalur Group in southern 
India in being more tightly coiled and having a less 
rugose tube. 


ETYMOLOGY 


After apiarium, the Latin for ‘beehive’, alluding to the 
conical shape of the species, reminiscent of a medieval 
beehive. 


Rotulispira protea McNamara, sp. nov. 
Figure 6 


urn:Isid:zoobank.org:act:98B7E69A-AS3E2-42D1-ADBF- 
78EE411C4803 


MATERIAL EXAMINED 


Holotype 


Australia: Western Australia. WAM 07.256d from the 
Mırıa Formation, Giralia Range, gully 0.3 km SW of grid 
on Bullara-Giralia road, 12 km W of Giralia Homestead. 


KENNETH J. MCNAMARA 


Paratypes 


Australia: Western Australia: All from the Miria 
Formation, Giralia Range: WAM 71.250b, Cardabia 
Station, CY Creek, southern tributary; WAM 71.279, 
Cardabia Station, CY Creek, west bank of southern 
tributary; WAM 88.54, Giralia Station, big gully near 
camp, WNW of West Tank; WAM 90.218b, Giralia 
Station, large eastward draining gully, c. 1 km NW of 
West Tank; WAM 07.256c, from same locality as the 
holotype. 


Other material 


Australia: Western Australia: All from the Miria 
Formation, Giralia Range: WAM 71.182, 71.183, 
Cardabia Station, CY Creek, 3.5 km east of No. 37 Bore; 
WAM 71.250a,c-r, 71.251, Cardabia Station, CY Creek, 
southern tributary; WAM 71.278, 71.279, Cardabia 
station, CY Creek, west bank of southern tributary; 
WAM 74.59], Cardabia Station, east side of hill 5 km 
north of Remarkable Hill; WAM 80.672, Cardabia 
Station, CY Creek, junction of main creek and southern 
tributary; WAM 80.696, Cardabia Station, first unnamed 
creek south of CY Creek; WAM 80.886, Cardabia 
Station, 3.5 km NNW of Section Hill, at junction of 
two gullies; WAM 83.2937, Giralia Station, gully 4 km 
south of Bullara—Giralia road; WAM 83.3012, Giralia 
Station, gully draining east, 1.8 km south of Bullara— 
Giralia road; WAM 83.3077a—b, Giralia Station, gully 
draining east, 2.9 km south of Bullara—Giralia road, 
eastward draining gully; WAM 84.948a-b, Giralia 
Station, 2.5 km NW of West Tank; WAM 88.54, Giralia 
Station, large gully immediately WNW of West Tank; 
WAM 90.218a,c-f, Giralia Station, large eastward 
draining gully, c. 1 km NW of West Tank; WAM 
90.228, Giralia Station, eastward draining gully 1.7 km 
south of Bullara-Giralia Road; WAM 96.846, Giralia 
Station, large gully draining to east on north side of 
West Tank; WAM 07.256a—b,d, from same locality as 
holotype; WAM 07.257a—p, Giralia Station, large gully 
immediately WNW of West Tank. 


STRATIGRAPHIC RANGE 


Late Maastrichtian, Abathomphalus mayaroensis zone 
(Shafik 1990). 


DIAGNOSIS 


Extremely variable, relatively small species; spiralling 
either sinistral or dextral; planispiral or trochospiral or 
both. Coiling height low to very high; evolute to strongly 
involute; ornamentation with either lirae or rugose 
throughout, or with lirae only in initial whorls, and 
rugose 1n later whorls. Final shaft often much wider than 
earlier whorls; curved or straight. 


DESCRIPTION 


Form of tube highly variable, especially in mode of 
coiling, tightness of coiling and degree of development 
of ornamentation. Unlike other species of Rotulispira, 
the early part of the tube is sometimes present. It is 
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hotulispira protea sp. nov. A-C, paratype WAM 71. 279 from Giralia Range, Western Australia, Cardabia Station, 


CY Creek, west bank of southern tributary, Miria Formation: A) ventral; B) dorsal; C) lateral views. D-F paratype 
WAM 07256c from Giralia Range, Western Australia, gully 0.3 km SW of grid on Bullara-Giralia road, 12 km W 
of Giralia Homestead, Miria Formation: D) ventral; E) dorsal; F) lateral views. G-I, paratype 71.250b from Giralia 
Range, Western Australia, Cardabia Station, CY Creek, southern tributary, Miria Formation: G) ventral; H) dorsal; 
|) lateral views. J-L, holotype WAM 07256d from Giralia Range, Western Australia, gully 0.3 km SW of grid 
on Bullara-Giralia road, 12 km W of Giralia Homestead, Miria Formation: J) ventral; K) dorsal; L) lateral views. 
M-O, paratype WAM 88.54, Giralia Range, Western Australia, Giralia Station, big gully near camp, WNW of 
West Tank, Miria Formation: M) ventral; N) dorsal; O) lateral views. P-R, paratype WAM 90.218b, Giralia Range, 
Western Australia, Giralia Station, large eastward draining gully, c. 1 km NW of West Tank, Miria Formation: 


P) ventral; Q) dorsal; R) lateral views. 


almost straight to gently curved initially, before tightly 
coiling and looping back to run underneath initial part 
of tube. Maximum known diameter of spiral is 17.4 mm; 
may be planispiral or trochospiral. Some specimens 
planispiral throughout (30.2%), whereas others display 
various grades of trochospirality (Figure 6), varying 
between weakly to strongly trochospiral (35.8%). Some 
individuals change their mode of coiling ontogenetically, 
being initially trochospiral, then later in ontogeny 
planispiral (15.1%). Others show reverse coiling trend, 
initially being planispiral then becoming trochospiral 
later in development (18.9%). Some may even be weakly 
trochospiral, then planispiral, then finally showing 
reverse spiralling (6%), or planispiral, then trochospiral 
then reversed trochospiral (12%), or trochospiral to 
reverse trochospiral (3%). 


Coiling height to width ratio of spiral very variable, 
ranging from 21—84% (Figure 4A), depending on degree 
of trochospirality; mean is 44%. Of known examined 
specimens, 27 coil sinistrally and 25 dextrally. Spiral 
has up to three and two-thirds whorls, before forming 
an uncoiled, straight final part, although some form 
straight final part of tube after only two and a half 


whorls. Generally, no tube expansion in final shaft, but 
in one (WAM 07.257k) large expansion, with an almost 
doubling of tube diameter (see Figure 10C). 


Umbilicus very variable in extent from wide to non- 
existent, 58% to 0% (Figure 5B). Planispiral shells may 
be evolute, whereas those with trochospiral coiling vary 
between weak to strongly involute due to variability in 
tightness of coiling. In general, the more trochospiral 
the tube, the tighter the coiling. Tube diameter gradually 
increases during growth. Straight part of whorl of 
even width or slightly increases toward the aperture. 
Final tube width occupies 25—42% of maximum 
spiral diameter, with a mean of 32%. Ornamentation 
extremely variable (Figure 6); all specimens with closely 
spaced, prominent transverse lirae. In about half of 
specimens coarse ribs are present arising from swelling 
of bundles of lirae. Specimens may carry these ribs 
throughout (35.2%) or lack them entirely (64.8%) or, 
more generally, develop rugosity on last whorl or part 
of it. Both planispiral and trochospiral forms may be 
rugose (Figure 6J—L,P—R), but ribs are more common 
in trochospiral forms. Rugosity, where present, more 
pronounced on umbilical side. Thickness of tube wall 


86 
A 
GS Planispiral to trochospiral 
m Trochospiral throughout 
+ Trochospiral to planispiral 
B 
II] Planispiral no ribs 
Planispiral ribbed 
Trochospiral no ribs 
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FIGURE7 Aİ) variation in spiralling pattern; B) variation in 


presence of ribs in planispiral and trochospiral 
forms in the annelid Rotulispira protea from 
the Miria Formation. 


highly variable, in planispiral to weakly trochospiral 
forms thin throughout. However, 1n more tightly coiled 
forms, secondary thickening more evident, particularly 
lining the umbilicus (Figure 6Q). This deposit may be so 
extensive that umbilicus 1s completely closed. 


REMARKS 


Rotulispira protea differs from R. glauerti 1n having 
many individuals that are not planispiral; many, unlike 
R. glauerti, with. coarsely developed rugae and some 
with greatly expanded terminal tube. There are a few 
individuals within the species that, like R. glauerti, are 
planispiral and possess only fine lirae, but they can be 
distinguished by their lack of an attachment cicatrix. 
R. protea can be distinguished from R. apiaria in 
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that many specimens are not trochospiral. Moreover, 
many, unlike K. protea, do not have coarse rugosity 
or infilled umbilicus. There are some individuals of 
R. protea that mimic R. apiaria in being trochospiral 
and having a similar ornamentation, but these generally 
are more rugose and lack the large attachment cicatrix 
characteristic of R. apiaria. 


Serpulids are renowned for generally exhibiting 
a fairly high degree of phenotypic plasticity (Jager 
1993; Savazz 1995), but as Seilacher et al. (2008) 
have pointed out, species of Rotularia (s.l) followed 
stricter developmental growth programmes, and 
therefore exhibited far less variability in form of their 
calcareous tubes than in other serpulids. The only 
previously recorded exception to this 1s Rotulispira 
shackletoni (Wilckens, 1910) as discussed below. 
The late Maastrichtian Rotulispira protea displays an 
even more extreme degree of variability, far greater 
than in any other species of the genus, including 
R. shackletoni, especially when compared with the 
earlier Late Cretaceous species present in the Southern 
Carnarvon and Perth basins, the late Santonian to early 
Campanian R. g/auerti and R. apiaria. 


Of the 60 known individuals of Rotulispira protea, 
hardly any two are alike. Extreme variability occurs 
in mode of coiling, in particular whether dextrally or 
sinistrally coiled, whether planispiral or trochospiral, 
and tightness of coiling; and extent and development 
of ornamentation, in particular whether ribs are 
present or absent. Direction of coiling can be either 
sinistral (52%) or dextral (48%). This is in contrast 
to R. glauerti in which all bar 1% coil sinistrally and 
in R. apiaria in which 100% coil sinistrally. While 
the variability In coiling demonstrated by R. protea 
is not unique for species of Rotulispira, the extent of 
the variation in spiralling is. Almost a third (31%) are 
entirely planispiral, other individuals displaying various 
grades of trochospirality, varying between weakly 
to strongly trochospiral (Figure 7). Other individuals 
changed their mode of coiling ontogenetically, some 
being initially trochospiral, then later in ontogeny 
becoming planispiral. Other individuals showing the 
reverse coiling trend, starting with planispiral coils, then 
become trochospiral later in development. In R. glauerti 
and R. apiaria the style of coiling remains constant 
within each species. 


In K. protea the height to width ratio 1s more than 
twice as variable as in K. glauerti and R. apiaria (Figure 
4A). In part due to this variation ın styles of coiling in 
R. protea, combined with variation in the tightness of 
coiling, the width of the resultant umbilicus varies much 
more than in the earlier species. Planispiral shells may 
be evolute, whereas those with trochospiral coiling are 
weak to strongly involute, showing varying degrees of 
tightness of coiling. In general, the more trochospiral the 
shell, the tighter the coiling. As a consequence, the ratio 
of umbilical width to maximum width in K. protea 1s 
about four times more variable than in either R. g/auerti 
or R. apiaria (Figure 4B). Whereas the other species of 
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Rotulispira have relatively consistent ornamentation, 
R. protea shows an enormous variation (Figure 6). All 
whorls may be ribbed or they may lack them entirely, 
with every variation in between. Ribs may be present or 
absent in both planisprial and trochospiral forms. 


Tube thickness is also very variable in Rotulispira 
protea. In planispiral to weakly trochospiral forms it 
is thin throughout. However, more tightly coiled tubes 
have secondary thickening, particularly lining the 
umbilicus. This may be developed to such an extent 
that the umbilicus becomes completely closed (Figure 
6Q). There is extreme variation in the size of the 
final, straightened part of the tube In R. protea, where 
in some individuals the uncoiled tube may be up to 
four times wider than in the coiled part (Figure 10C). 
In others there is little variation in width ontogenetically, 
as 1s invariably the case In K. glauerti and R. apiaria. 


ETYMOLOGY 


After the Greek God Proteus, who had the ability 
to change his shape at will, alluding to the extremely 
variable nature of the species. 


Rotulispira shackletoni (Wilckens, 1910) 
Figure 8 


Serpula (Burtinella?) shackletoni Wilckens 1910: 6-7, 
pl. 1, figs 1-2. 


Rotularia shackletoni (Wilckens); Ball 1960: 23-25, pl. 
4, fig. la—b, pl. 7, figs 6—12; Savazzi 1995: 75. 


Rotularia (Rotularia) shackletoni (Wilckens); Macellari 
1984: 1114, fig. LIJ—K. 


Rotulispira shackletoni (Wilckens); Jager 1993: 87. 


MATERIAL EXAMINED 


Australia: Western Australia: WAM 07.258 from the 
late Maastrichtian Miria Formation, northern Giralia 
Range. 


REMARKS 


Rotulispira shackletoni (Wilckens, 1910) has been 
described from James Ross Island, Snow Hill Island and 
Seymour Island, off the northern Antarctic Peninsula, 
where it occurs 1n the late Maastrichtian lower Lopez de 
Bertodano Formation (Montes et al. 2019). The species 
is characterised by its large, robust, tumid tube, with 
pronounced callosity at the whorl sutures (Ball 1960). 
These features are all apparent in the single specimen 
attributable to this species from the Miria Formation. 
This specimen is 29.3 mm in maximum whorl diameter. 
Material described by Ball (1960) averaged 22-26 mm, 
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10 mm 


FGURE8 . Rotulispira shackletoni WAM 07258, 


northern Giralia Range Western Australia, 
Miria Formation: A) ventral; B) dorsal; 
C) lateral views. 


with a maximum of 34 mm. The Miria Formation 
specimen is coiled dextrally and has extensively 
developed sutural callosities developed even in the early 
whorls. This trait 1s characteristic of R. shackletoni and 
differentiates this specimen from the common Miria 
Formation form, K. protea. 


What the two late Maastrichtian species both have 
in common, though, are very high levels of phenotypic 
variation. Like R. protea, material of R. shackletoni 
from James Ross Island analysed by Ball (1960) 
has a spiral that varies from planispiral to strongly 
trochospiral; roughly equal numbers of sinistral and 
dextral coiling; a whorl profile that varies from rounded 
to sub-angular; growth lines that are variable in 
orientation and extent of development; and spiral profiles 
that are widely variable, as are the planes of coiling and 
position of the aperture (Ball 1960). 


PALAEOECOLOGY 


HYDROID-SERPULID BIOCLAUSTRATION 


A number of specimens of both Rotulispira glauerti 
(Figure 9A) and R. apiaria (Figure 9B) have tubes in 
which the surface carries a number of small, regularly 
spaced perforated pustules. They occur as associated 
sets of circular to oval, slit-like openings about 0.2 mm 
in diameter or maximum length. They are located on 
swollen, elongate protuberances that vary 1n maximum 
length between 0.3 and 0.7 mm. These elongate 
protuberances are aligned parallel to the axis of the tube, 
often 1n an en echelon pattern, and are perforated at the 
end closest to the serpulid's aperture. The perforation is 
encircled by a swollen ridge. When such ‘infestations’ 
occur, they are present around the entirety of the tube, 
and may be on both dorsal and ventral surfaces. 
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Such structures have previously been described in 
a range of serpulids (e.g. Scrutton 1975, Radwanska 
1996, Niebuhr and Wilmsen 2005, Wilmsen et al. 
2007, Zagorsek et al. 2009, Kamali Sarvestani et al. 
2016, Slowinski et al. 2020). They were originally 
described as Protulophila gestroi by Rovereto (1901) 
who considered them to be a ctenostomatous bryozoan. 
Scrutton (1975), however, argued convincingly that they 
represent the activity of a hydroid living In a mutualistic 
association with the serpulids that they infested. 
The chambers within the serpulid tube occupied by the 
hydroids were not formed by boring activity, but by 
their being incorporated into the tube by calcification as 
the serpulid grew (Scutton 1975, p. 264), an example of 
bioclaustration (Palmer and Wilson 1988). This 1s shown 
by deflection of growth lines around the location of the 
hydroid symbiont. In life a ring of hydroids were present 
close to the opening of the serpulid tube, the hydroid 
tentacles facing away from the opening of the serpulid 
tube (Scutton 1975, text-fig. 5b). If, as Seilacher et al. 
(2008) have argued, the straightened part of the tube 
of Rotularia represents a chimney extruding from an 
otherwise buried spiral serpulid tube, then the hydroid 
might have been taking advantage of eddying currents 
created by the movement of the tentacular crown of 
the serpulid. However, as discussed below, such a life 
orientation 1s not likely in Rotulispira. 


In the Late Cretaceous of Western Australia, the 
frequency of occurrence of Protulophila gestroi varies 
between the species, with 2.4% (n = 123) of R. glauerti 
and 11.7% (n = 137) of R. apiaria being infested. 
These are far lower levels than the c. 40% recorded 
by Wilmsen et al. (2007) for the Cenomanian material 
they examined. Interestingly, the late Maastrichtian 
R. protea shows no evidence of having been infected by 
P. gestroi at all. In addition to the Western Australian 
examples, Late Cretaceous examples of P. gestroi have 
been described from the Cenomanian of Germany 
(Niebuhr and Wilmsen 2005; Wilmsen et al. 2007), the 
Campanian and Maastrichtian of Poland (Radwanska 
1996) and the Turonian of the Czech Republic (Zagorsek 
et al. 2009). The presence of Protulophila gestroi 1n the 
two late Santonian species of Rotulispira in Western 
Australia, R. glauerti and R. apiaria, represents the first 
record of this hydroid and hydroid—serpulid symbiosis in 
the Mesozoic of Australia. 


GASTROPOD PREDATION ON ROTULISPIRA SPECIES 


Unlike Rotulispira glauerti and R. apiaria, which 
show no obvious evidence of having suffered predation, 
R. protea underwent a significant degree of predation, 
as shown by the presence of circular to oval incisions 
through the serpulid tube. Such incisions occur in 16.6% 
of specimens (n = 60). Two of the predated serpulids 
have oval incisions, a single one occurring on the ventral 
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A) Rotulispira glauerti sp. nov., WAM 2423, 
trom One Tree Hill, Gingin, Western 
Australia, Gingin Chalk, ventral view showing 
bioclaustration with the hydroid Protulophila 
gestroi Rovereto, 1901; B) Rotulispira apiaria 
sp. nov., WAM 91.870, from Meanarra 

Hill, Kalbarri, Western Australia, loolonga 
Calcilutite, oblique lateral view showing 
bioclaustration with the hydroid Protulophila 
gestroi Rovereto, 1901. 


FIGURE 10 Rotulispira protea sp. nov., A-B, WAM 71.250i 


from Giralia Range, Western Australia, 
Cardabia Station, CY Creek, southern 
tributary, Miria Formation: A) ventral; 

B) dorsal views, showing circular gastropod 
predation incisions on both ventral and 
dorsal surfaces. C) WAM 07257k from Giralia 
Range, Western Australia, Giralia Station, 
large gully immediately WNW of West Tank, 
Miria Formation, showing circular gastropod 
incision on ventral surface. Note the 
extremely large, curved final shaft. 
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surface in WAM 83.3012, while on WAM 71.250k three 
of the four incisions are also on the ventral surface and 
one on the dorsal. The instigator of this type of incision 
is not known. 


The remaining predated R. protea specimens bear 
bevelled, circular incisions, the outer diameter being 
about twice that of the internal incision. The diameter 
of the outer incision ranges from 0.7 mm to 1.4 mm, 
with a mean of 0.95 mm (n = 13). Most of the specimens 
have single incisions (e.g. Figures 6E,N, 10C), but WAM 
71.2501 has four circular, bevelled incisions on the 
ventral surface and two on the dorsal (Figure 10A-B). 
The bevelled shape of the incisions suggests that the 
serpulids were preyed upon by naticid gastropods. 
A single naticid species, Gyrodes aff. supraplicatus 
(Conrad, 1858) has been recorded from the Miria 
Formation (Darragh and Kendrick 1994). This species 
has been implicated 1n predation on bivalves within the 
Miria Formation (Darragh and Kendrick 1991) and is a 
likely candidate as the predator of R. protea. 


The gastropods appear to have preferentially targeted 
those individuals of R. protea that were largely bereft 
of any significant degree of ribbing or rugosity (Figures 
6E,N, 10), with 60% of predated specimens being 
largely smooth forms, which also have a noticeably 
thinner tube. Moreover, targeted serpulids were either 
planispirally coiled or just weakly trochospiral. These 
patterns could suggest that the development within the 
population of forms with very coarse rugosity acted as a 
deterrent to predation by naticids. 


The occurrence of predatory incisions on both the 
dorsal and ventral surfaces, with 40% having incisions 
on their dorsal surface, 30% on their ventral surface 
and 30% with multiple incisions on both dorsal and 
ventral surfaces, suggests that the spiral serpulid tube 
was, ın life, raised above the level of the substrate. 
This interpretation is supported by the presence in 
those specimens of K. glauerti and R. apiaria that have 
bioclaustrations of hydroids within the serpulid tube 
(Figure 9). These extend on to the ventral surface close 
to the attachment cicatrix. This implies that during 
life Rotulispira was not free-living, but, like other 
serpulids, was attached to a substrate, though most of 
the tube was raised above it. Separation would have been 
post-mortem, leaving a distinctive cicatrix. Whether 
the serpulid attached to a hard substrate, such as the 
ubiquitous /noceramus fragments, or, ike many modern 
serpulids, to large-fronded seaweed (Teagle et al. 2018; 
Rossbach et al. 2021), cannot be confirmed. 


PHENOTYPIC PLASTICITY 


There is ample evidence from a wide range of living 
organisms that levels of phenotypic variation, as well 
as underlying genotypic variation, are elevated during 
periods of severe environmental stress (Bretsky and 
Lorenz 1969; Parsons 1987, 1989, 1993; Holloway et al. 
1990; Hoffman and Parsons 1991; Hoffmann and Hercus 
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2000; Stanton et al. 2000; Badyaev 2005; Chevin and 
Hoffmann 2017; Mallard et al. 2020). Consequently, it 
has been argued (Parsons 1989) that during, stressful 
periods In evolutionary history variability in the broadest 
sense may be increased, with the result that genomic 
reorganizations could be induced in response to rapid 
environmental change. Increasing environmental stress 
even further, to extreme levels, can ultimately result 1n 
extinction. It 1s likely that the margin between high levels 
of variation arising from stress, and species extinction 
may be very small (Hoffman and Parsons 1991). 


Experiments on living populations have shown that 
many different factors can induce stress leading to 
increased levels of phenotypic plasticity. These include 
desiccation, anoxia, chemical stress and temperature 
(Parsons 1989). Investigation of the incidence of high 
levels of phenotypic plasticity In the fossil record 
therefore has the potential to provide insights into periods 
of severe environmental stress in the geological past. 
As such, if extreme phenotypic plasticity occurred in 
some taxa immediately prior to a major mass extinction, 
particularly as illustrated here by Rotulispira protea, 
this may indicate the extent to which environmental 
stress played a role in such extinction events. 


PHENOTYPIC PLASTICITY IN THE MIRIA FORMATION 
FAUNA 


The late Maastrichtian Miria Formation contains a 
rich fauna dominated by ammonites (Henderson and 
McNamara 1985a; Henderson et al. 1992), bivalves 
(Darragh and Kendrick 1991), gastropods (Darragh and 
Kendrick 1994), and brachiopods (Craig 1999). One of 
the characteristic features of this fauna is the high level 
of phenotypic plasticity displayed not only in Rotulispira 
but also 1n some of these other groups, particularly in 
some species of heteromorph ammonites, bivalves and 
brachiopods. This is in contrast to the late Santonian— 
early Campanian Gingin Chalk and Toolonga Calcilutite 
faunas that show no evidence of enhanced phenotypic 
plasticity whatsoever. 


The morphological features that are most affected by 
phenotypic variability differ between the various groups. 
In the case of Rotulispira, it is particularly noticeable in 
the coiling pattern and variability of ornamentation (see 
above). In bivalves it 1s also principally in variations in 
surface ornamentation, specifically rib density, as it 1s 
in ammonites. For instance, individuals of the bivalve 
Chlamys cracenticostata Darragh and Kendrick, 199] 
have between three and 156 ribs (Figure 11). Phenotypic 
plasticity Is very high in heteromorph ammonites 
compared with non-heteromorph ammonites, as typified 
by Diplomoceras cylindraceum (Defrance, 1816) and 
Glyptoxoceras rugatum (Forbes, 1846), this species 
originally having been described as ten different species 
in two genera (Brunnschweiler 1966), but now regarded 
as a single highly variable species (Henderson et al. 
1992). In brachiopods shell convexity and concentration 
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FIGURE 11 
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Variation in the bivalve Chlamys cracenticostata Darragh and Kendrick, 1991 from the Miria Formation, Giralia 


Range, Western Australia: A) WAM 87376; B) WAM 87377; C) WAM 71.309; D) WAM 87372; E) WAM 83.2871. 


of ribbing, as well as periodicity of growth disruption 
lines, are the most variable traits. In the brachiopod 
Zenobiathyris mutabilis Craig, 1999, rib variation 1s 
very much greater than in the slightly younger Paleocene 
Tegulorhynchia boongeroodaensis McNamara, 1983 and 
the slightly older Santonian —Campanian /nopinatarcula 
acanthodes (Etheridge, 1913) (Figure 12C). 


Of those elements of the Miria Formation fauna that 
experienced elevated levels of phenotypic plasticity, the 
annelids, brachiopods and bivalves were all plankton 
feeders. What ammonites fed upon is open to debate 
(Westermann 1996). The fundamental distinction 
between heteromorph and non-heteromorph ammonites 
is that the Miria Formation non-heteromorphs show 
little evidence of high levels of phenotypic plasticity. 
This may be due to fundamental differences In life 
history strategies, especially In modes of feeding. 
It has been proposed that many heteromorphs were 
more sluggish than non-heteromorph ammonites 
(Klinger 1981), with forms like Nostoceras having been 
interpreted as microphagous feeders. Non-heteromorph 
ammonites, that show much more restricted levels of 
morphological variation, are generally thought to have 
been carnivorous, feeding from higher up the food chain 
(Westermann 1996). 


The absence of high levels of phenotypic plasticity 
in any of the extensive Miria Formation gastropods, 
none of which were filter feeders, lends support to the 
argument that filter feeders were more affected by the 
severe environmental stress that may have preceded 
the terminal Cretaceous/Paleogene extinction event 
(Sheehan and Hansen 1986). However, the distinction 
between deposit and filter feeders can quite often 
be blurred, as many deposit feeders have the ability 
to switch between deposit and suspension feeding 
(Levinton 1996). 


It has been shown that there was a close correlation 
between feeding strategy in echinoids and their 
survivorship during the late Maastrichtian, suggesting 
that a crucial factor in the Cretaceous/Paleogene 
extinctions was nutrient supply (Smith and Jeffrey 1998). 
Certain deposit feeding echinoids show preferential 
survival compared with other feeding types, suggesting 
that extinction In echinoids may have been nutrient- 
driven. This may have arisen from a reduction in 
phytoplankton abundance in the late Cretaceous, 
as a consequence of a combination of abiotic factors 
inducing nutrient stress (Barrera 1994). Such stress 
might have emanated from increasing levels of 
unpredictability of nutrient supply. Support for this view 
comes from the presence of pronounced disturbance 
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lines In the brachiopod Zenobiathyris mutabilis from 
the Miria Formation (Craig 1999). Not only does this 
species show higher phenotypic plasticity than other 
contemporaneous and older brachiopods, but it is the 
only species to possess such distinctive disturbance 
lines. The pronounced irregularity In the frequency 
of occurrence of these lines points to irregular, and 
prolonged, periods of environmental stress resulting in 
periodic cessation of shell growth. 


Interestingly the stratigraphic sequence in which 
the Miria Formation occurs lends some support to the 
argument for a stressed environment. Below the Miria 
Formation is a relatively thick calcareous unit, the 
Korojon Calcarenite, which contains vast numbers of 
broken fragments of a very large species of the bivalve 
Inoceramus. Near the top of this unit phosphate nodules 
start appearing. When they do so the inoceramids are 
absent. They then reappear, suggesting that the cold 
water upwelling associated with the production of the 
phosphatic nodules was inimical to the inoceramids, 
perhaps due to an increase in flux of nutrients. 
The junction between the Korojon Calcarenite and 
the Miria Formation is marked by a massive, thick 
phosphate horizon, indicative of more prolonged periods 
of cold, nutrient-rich water upwelling adversely affecting 
organisms adapted to low nutrient environments. 
This horizon 1s also within the final biozone of the 
Cretaceous, the Abathomphalus mayaroensis zone 
(Shafik 1990). The Miria Formation itself is rich 
in phosphate, with the fossils being preserved as 
phosphatic steinkerns (Henderson and McNamara 
1985b). This raises the question of whether the repeated, 
prolonged pulses of cold water upwelling onto the shelf 
were sufficient to induce the environmental stress that 
induced increased phenotypic plasticity. Moreover, 
could this have been related to a sudden increase In 
nutrient supply to organisms more adapted to relatively 
low nutrient conditions? 


To establish the significance of the presence of very 
high levels of phenotypic plasticity in some taxa requires 
ascertaining whether, as observed in the Western 
Australian Maastrichtian deposits, it is a purely local 
phenomenon or whether it occurred In wider regional or 
cosmopolitan settings. One indication of a more global 
effect comes from Rotulispira present in late Maastrichtian 
deposits 1n 1slands off the Antarctic Peninsula. 


FIGURE 12 Box plots of: A) rib index in the Miria Formation heteromoroh ammonites Diplomoceras cylindraceum (n = 50, 
mean = 11.220, S.D. = 3.112) and Glyptoxoceras rugatum (n = 85, mean = 6.429, S.D. = 1.442) and the non- 
heteromorph ammonite Pachydiscus facquoti australis (n = 43, mean = 4.686, S.D. = 0.578); B) rib number in 
the Miria Formation bivalves Chlamys cracenticostata (n = 25, mean = 67920, S.D. = 38.512) and Chlamys 
propesalebrosa (n = 25, mean = 20.320, S.D. = 0.945); C) number of ribs per millimetre in the brachiopods 
Zenobiathyris mutabilis trom the Miria Formation (n = 56, mean = 0.3.777 S.D. = 1.022), Tegulorhynchia 
boongeroodaensis trom the Late Paleocene Cardabia Formation (n = 50, mean = 4.080, S.D. = 0.488) and 
Inopinatarcula acanthodes trom the Santonian-Campanian Gingin Chalk (n = 49, mean = 4.235, S.D. = 0.531). 
Central box extends from 25th to 75th percentiles, line extends to 10th and 90th percentiles. 
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As detailed above, Ball (1960) has shown that 
R. shackletoni from the late Maastrichtian of James 
Ross Island off the Antarctic Peninsula shows high 
levels of phenotypic variation in spirality, direction 
of coiling, whorl profile and orientation and extent of 
development of growth lines, like R. protea. There 
is also evidence for a more global occurrence of the 
elevated levels of phenotypic plasticity In microfossils 
from other parts of the world. Very high levels that 
increase steadily up to the Cretaceous/Paleogene 
boundary, have been documented in the planktic 
foraminifer Contusotruncana fornicata-contusa lineage 
from the South and North Atlantic (Kucera and 
Malmgren 1998). This lineage contains a proportion 
of Kümmerform specimens. In these specimens the 
last chamber is of reduced size which, according to 
Berger (1971), arises due to environmental stress. Other 
authors (e.g. Hecht and Savin (1970) have correlated 
the occurrence of the smaller final chamber with a 
reduction in water temperature (although it should be 
noted that Olsson (1973) was not convinced of the link 
between Kümmerform foraminifers and environmental 
stress). There Is a gradual increase in percentage of 
these forms between 69.5 to 68 Ma, from 10% to 70%, 
followed by a decrease down to 20% to 66.5 Ma. Of 
further significance to this discussion 1s the fact that the 
last 0.5 million years prior to the Cretaceous/Paleogene 
boundary, ‘were marked by high-amplitude fluctuations 
in this variable’ (Kucera and Malmgren 1998, p. 53), 
suggesting that periods of environmental stress were not 
continuous, but also fluctuating widely. 


Fluctuation in chamber number was also pronounced 
in this last 0.5-million-year period. The range of 
variation in chamber number also shows an increase 
in the last one million years. Shell conicity, which 
increased steadily from 69 to 65 Ma, shows a steady 
increase In extent of phenotypic variability, reaching a 
maximum in variability again during the last 0.5 million 
years of the Cretaceous (Kucera and Malmgren 1998, 
Fig. 6). The onset of these changes in both morphology 
and increase In variability coincide, according to Kucera 
and Malmgren (1998), with the onset of the global late 
Maastrichtian surface water cooling. 


DEVELOPMENTAL FACTORS ENABLING INCREASED 
PHENOTYPIC PLASTICITY 


A unifying factor in the phenotypic plasticity evident 
in the four groups of Miria marine invertebrates 
— annelids, heteromorph ammonites, bivalves and 
brachiopods — is its expression In ornamentation, In 
particular ribbing. In these groups the extent of ribbing 
tends to increase ontogenetically, indicating that high 
intraspecific variation was a product of a breakdown 
of developmental constraint, affecting either rate or 
duration of growth, or both. Severe environmental 
stress 1s known to affect aspects of developmental 
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constraint directly, such as variations In time of onset of 
maturation (Hoffman and Parsons 1991). Furthermore, 
there is increasing evidence that environmental factors, 
such as changing temperature and food availability, play 
a prominent role In inducing developmental plasticity. In 
a number of studies on living gastropods and bivalves 
(Martin-Mora et al. 1995) variation in shell morphology 
has been shown to have been induced directly by 
environmental factors, predominantly perturbations in 
temperature and nutrient supply. 


While phenotypic plasticity has long been seen as 
facilitating the origin of evolutionary novelty, speciation 
and macroevolution (West-Eberhard 1989), increased 
levels of phenotypic plasticity also have their downside 
in the costs incurred as a result of reduced fitness 
(De Witt et al. 1998). These include developmental 
instability, genetic costs, like epistasis and pleiotropy, 
and reduced fecundity. The consequence can be 
that the species become more prone to extinction as 
environmental stress levels increase. In their exhibition 
of very high levels of phenotypic plasticity, these 
annelids, ammonites, brachiopods and bivalves that 
lived close to the end of the Cretaceous, but before the 
Cretaceous/Paleogene boundary itself, can be perhaps 
regarded as being harbingers of what was to come: 
a world in which terrestrially induced environmental 
stress became so intense that they, and many other 
species, became extinct. 


CONCLUSION 


A number of authors have argued that the Earth’s 
biosphere was under severe stress well before the end 
of the Cretaceous (Archibald 1996; Abramovich and 
Keller 2002; Askin and Jacobsen 1996; Kauffman 1994; 
Elorza et al. 2001; Keller 2012, 2014; Kitch et al. 2022) 
and that this led to a decline In biodiversity during the 
Late Cretaceous (Donovan 1989; Zinsmeister 1997). 
It has been suggested that increased Late Cretaceous 
biological stress was induced by rapidly deteriorating 
global environments arising from palaeoceanographic, 
climatic and volcanic effects, such as eustatic fall in 
sea level, fluctuations in CO, levels, glaciation and 
cooling, perturbations in nutrient levels, giant forest 
fires, atmospheric pollution by NO, and acid rain, or 
a combination of some or all of these (Caldiera et al. 
1990; Smith and Jeffrey 1998). In particular, it has been 
argued by a number of workers that prolonged volcanic 
activity that produced the Deccan traps may also have 
been a major influence (e.g. Van Valen 1984; Officer 
and Drakes 1985; Keller et al. 2009). Thus it could be 
argued that any of these factors, either 1n isolation or 1n 
combination, would have had the potential to induce the 
high levels of phenotypic plasticity displayed by some 
elements of the Miria Formation fauna. 
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